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(54) Emulsion for robust sensing of gases 

(57) The present invention provides an optical fluo- 
rescence based sensor for measuring the concentration 
of a gas (e.g., CO2 or ammonia) in a medium such as 
blood which has superior dry web sensor performance, 
enhanced sensor consistency for transparent sensor 
calibration, improved autoclave stability and rapid rehy- 



dration of the sensor. In a preferred embodiment, the 
sensors of the present invention comprise microcom- 
partments of an aqueous phase having a pH sensitive 
Indicator component and a nonionic amphipathic sur- 
factant within a hydrophobfc barrier phase comprising a 
plurality of dispersed hydrophobe particles. 
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Description 
Field 

s [0001] The present invention relates generally to sensors for measuring the concentration of an analyte of interest 
In a preferred erDtxxiiment, the present invention relates to sensors for monitoring blood gas cxdncentrations (e.g., 
carbon dioxide). The present invention also relates to methods of making stable and reproducible water in oil emulsions 
comprised of a dispersed aqueous phase and a hydrophobic continuous phase. 

to Baclcground 

[0002] It is sometimes necessary or desirable for a physician to detemiine the concentration of certain gases, e.g., 
oxygen and carbon dioxide, in blood. This can be accomplished utilizing an optical sensor which contains an optical 
indicator responsive to the component or analyte of interest. The optical sensor is exposed to the blood, and excitation 
IS light is provided to the sensor so that the optical indicator can provide an optical signal indicative of a characteristic of 
the analyte of interest. For example, the optical indicator may fluoresce and provide a fluorescent optical signal or it 
may function on the principles of light absorljance. 

[0003] The use of optical fibers has been suggested as part of such sensor systems. The optical indicator is placed 
at the end of an optical fiber which is placed in contact with the medium to be analyzed. This approach has many 
20 advantages, particularly when it is desired to determine a concentration of analyte in a medium inside a patient's body. 
The optical fiber/indicator combination can be made sufficiently small in size to easily enter and remain in the cardio- 
vascular system of the patient. 

[0004] Optical fluorescence CO2 sensors commonly utilize an indirect method of sensing based on the hydration of 
CO2 to form carbonic acid within an optionally buffered aqueous compartment containing a pH sensitive dye. The 

2S aqueous compartment is encapsulated in a t>arrier material which is impermeable to hydrogen ions but penmeable to 
C02. An optically interrogated pH change in the internal aqueous compartment can then be related to the partial 
pressure of CO2 in the monitored sample. Ionic isolation of the internal aqueous phase may be achieved by directly 
dispersing aqueous droplets throughout the isolating matrix. Altematively, the aqueous phase may be sorbed into 
porous particles which are then dispersed throughout the isolating matrix. The isolation matrix or "bam'er* is typically 

30 a crossiinked silicone polymer. 

[0005] Unfortunately, prior attempts to provide stable and reproducible emulsions of an aqueous phase dispersed 
in a polymery precursor have yielded poor results. In some cases, the emulsions exhibited unexplained lot-to-bt var- 
iability that frustrate attempts to perform quantitative experiments correlating sensor perlormance to the particular 
sensor formulation. Variability within lots has also been obsen^ed. This variability frustrates attempts to uniformly pro- 

3S duce sensors, e.g., by coating a sheet of sensor precursor and converting the sheet into individual sensor elements. 
In other cases, the emulsoids formed from the emulsions are adversely. affected by heat (e.g., during autodaving) and 
the sensor's performance is thereby compromised. Also unfortunately, prior attempts to make sensors that respond to 
CO2 in the "dry" state, i.e., not in contact with liquid water, have yielded poor results. Traditional two-phase sensors 
dehydrate when stored in ambient conditions and bee intensity. Even when intensity is maintained in the dry state, the 

40 sensor may not respond to CC^. 

[0006] It would be desirable to provide a stable and reproducible sensor which has a fast response time and whk:h 
is easily manufactured. It would also be desirable to provide a CO^ sensor that provides a stable and effective signal 
that does not require that it be held in a condition of equilibrium with liquid water or saturated water vapor. 

45 Summary 

[0007] We have discovered a stable and reproducible sensor. This sensor employs the preparation of -stable water 
in oil emulsbns comprised of a dispersed aqueous phase and a hydrophobk: continuous phase. More specifically, this 
inventbn provkies a novel method of preparing aggregation and coalescence resistant emulsions for use as blood gas 
50 sensor compositions, and further discbses novel emulsion compositbns suitable for use In consistently and uniformly 
manufacturing precision coated blood gas sensors. 

[0008] In one embodinrtent, the invention provides a gas sensing composition, canprising a dispersed first phase 
comprising droplets which are substantially smaller in at least one dimension than the thbkness of the sensing com- 
positkm and a hydrophobic second phase which is penmeable to the analyte and vnpermeable to ionized hydrogen. 
ss The first phase contains at least one substantially water soluble emulsification enhancement agent and at least one 
water soluble bidicator component effective to provkie a signal in response to the concentration of a gas in a medium 
to whch the sensing composition is exposed. The secorKJ phase contains at least one sutjstantially water insoluble 
emulsificatbn enhancement agent Preferably the water soluble emulsification enharrcement agent comprises a non- 
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ionic, amphipathic copofymer containing both hydrophilic and hydrophobic moieties, and the water insoluble emulsifi-' 
cation enhancement agent comprises a plurality of dispersed hydrophobic particles. 

[0009] TTie improved sensor compositions exhibit superior dry web sensor perionmance, enhanced sensor consist- 
ency for transparent sensor calibration, improved autoclave stability and rapid rehydration of the sensor 
s [0010] The improved sensors may be used to sense the concentration of an analyte of interest in a medium. More 
particularly, the improved sensors may be used to sense carbon dioxide in blood. The invention also relates to sensor 
apparatus or systems and methods for sensing the concentration of other analytes of interest in industrial settings and 
environments (e.g., ammonia, CO2, SO2, or NOg). 

[0011] Precision coated blood gas sensors are provided which exhtoit improved coating uniformity and consistent 
10 sensor performance from lot to lot, thereby increasing the yield of usable sensors and permitting transparent calibration 
of the sensors independent of coating time or lot. By trarisparent calibration we mean the designation of a sensor web 
lot by the manufacturer according to its calibration parameters (slope and/or intercept) achieved by a web sampling 
plan. Transparent calibration allows the user to use a constant set of calibration parameters and significantty reduces 
the calibration time required by the user It is dependent on consistent performance across and down sensor webs. 
15 [0012] in another embodiment, the present invention provides a "dry" gas sensing composition, comprising a dis- 
persed first phase containing a humectant (preferably glycerol) and at least one soluble indicator component; and a 
hydrophobic second phase which is permeable to the analyte and impermeable to ionized hydrogen. The first phase 
optionally contains a water soluble emulsification enhancement agent as descn*bed atxsve. The second phase option- 
ally, and preferably, contains at least one substantially water insoluble emulsification enhancement agent. The sensing 
20 composition of this embodiment provides an effective signal in response to the gas without the necessity that it be held 
in a condition of equilibrium with liquid water or water vapor prior to use. 

[001 3] In yet another embodiment, the present invention provides a precision coated blood gas sensor which exhibits 
improved autoclave stability, and preferably also exhibits improved dry web shelf stability, f^ost prefen^ed blood gas 
sensors also exhibit rapid rehydration rates. 

25 

Brief Description of the Drawings 

[0014] This invention will be better understood when taken in conjunctbn with the drawings wherein: 

30 FIG. 1 is an elevatbnal view in section of a droplet of material utilized in the preparation of a gas sensor of the 

invention; 

FIGS. 2a, 2b, 2c, and 2d are views in section of a gas sensor of the Invention; 

FIG. 3 is a partial view in section of a gas sensor of the present invention which comprises a flow through cassette 
comprising a sensing element; and 
35 FIGS. 4 and 5 are two partial views in sectbn of a gas sensor of the present inventbn which comprise a flow 

through cassette comprising a preformed laminate sheet sensing element. 

[001 51 This invention utilizes certain principles and/or concepts as are set forth in the claims appended to this spec- 
ification. Those skilled in the gas sensing arts to which this invention pertains will realize that these principles andADr 
40 concepts are capable of being illustrated in a variety of embodiments whfch may differ froriri the exact embodiments 
utilized for illustrative purposes in this spec'rfication. For these reasons, the invention described in this specificatbn is 
not to be construed as being limited to only the illustrative emlxxjiments but is only to be construed in view of the 
appended claims. . 

45 Definitions 

[0016] As used herein, the terms 'aqueous first phase' or 'aqueous phase' refer to the hydrophilb phase or phases 
of a multiphase sensor which comprises an indicator component ('dye') anfl which more preferably, but not necessarily, 
further comprises water. 

so [001 7] As used herein, the terms 'hydrophdbfc second phase' or "hydrophobb phase" refer to that phase of a mul- 
tiphase sensor which separates an aqueous phase (comprising an indicator component) from the medium containing 
the analyte of interest As used herein, the terms "polymeric phase' or "silicone phase" refer to a hydrophobb second 
phase which comprises a polymer material or silicone material, respectively. 

[0018] As used herein, the tenm "medium" refers to the solid, liquid, or gaseous environment to which the sensor is 
S5 exposed. For example, sensors are often placed bito a medium of blood so that the blood gasses (e.g., CO2 level) 
may be measured. Sensors may also be placed in a gas (or CO^) equilibrated liquid medium (e.g., to calibrate a sensor). 
[001 9] As used herein, the term 'emulsion' refers to a uniform multi-phase system of two or more liquids and includes 
multi-phase suspensions and dispersions of droplets of one liquid, comprising the dispersed or tntemal phase, in a 
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second substantially insoluble and immiscible liquid, comprising the continuous or external phase. The use of the term 
emulsion is not limited to thermodynamically stable mixtures or mixtures containing emulsiliers. As used herein, the 
term 'stable emulsion" refers to emulsions which remain substantially uniform (macroscopically) for a long enough 
period of time to allow the emulsion to be formed into the desired configuration, e.g.. a period of at least several hours, 
s As used herein, the term "thermodynamically stable emulsion" refers to emulsions which remain substantially uniform 
(macroscopically) even when heated and then cooled. 

[0020] As used herein, the term "emulsoid" refers to a multi-phase system comprising micro-compartments of a 
dispersed phase in a second solid phase (e.g.. a cross-linked polymer phase). 

[0021] As used herein, the terms "emulsification enhancement agent" (EEA) or "emulsifier" refer to a substance 
10 which acts alone or together with another emulsification enhancement agent or emulsifier to facilitate the fonration 
and prorrK)te the stability of an emulsion. 

[0022] As used herein, the terms "surface active agent" or 'surfactant* refer to chemical substances which are strong- 
ly adsorbed at an interface, thereby causing a substantial lowering of the surface (or interfacial) tension. 
[0023] As used herein, the term "amphipathic compound" refers to a molecular structure characteristic of surface 
IS active agents which form micelles. Amphipathic molecules consist of a chemical structural group (the lyophobic group) 
having very Tittle affinity for the solvent (hence low solubility in that solvent), combined with a chemical structural group 
(the lyophilic group) having very high affinity for the solvent (hence high solubility in that solvent). When the solvent is 
water or predominantly aqueous, the lyophobic group is described as hydrophobic and the lyophilic group is described 
as hydrophilic. 

20 [0024] As used herein, the term "cloud point" refers to the maximum temperature at which micelles are stable with 
respect to aggregation. At temperatures above the cloud point, micelles will either coalesce into an insoluble bulk 
surfactant phase, or aggregate and settle into a concentrated sediment of large micellar aggregates. The cloud point 
is marked by a change in physical appearance from a visually transparent solution to a visually turbid, multiphase 
dispersion. 

2S [0025] As used herein, the term "hydrophile-llpophile balance" (HLB) refers to an empirical scale ranging from 0 to 
40 used for representing the amphipathic nature of a surface active agent Low values correspond to more hydrophobic 
surfactants, while high values correspond to more hydrophilic surfactants. For nonionic surfactants which do not contain 
a polyoxypropylene, polyoxybutylene or polydimethylsiloxane group, the HLB is determined ushigthe methods of GrrfRn 
[Griffin, W.C., J. Soc. Cosmeth Chemists, 1. 311 (1949). Griffin, W.C. J. Soc. Cosmetic Chemists, 5, 249 (1954).]. For 

30 nonionic surfactants containing the polyoxypropylene or polyoxybutylene groups, the HLB is determined by measuring 
gas-liquid chromatography (GLC) relative retention ratios using the method of Becher and Birkmeier (Becher, P. and 
Birianeier, R. L, J. Am. Oil Chemists Soc., 41, 169 (1964).]. For nonionfc surfactants containing the polydimethylsi- 
k>xane group in conjunction with polyoxyethylene, polyoxypropylene or polyoxybutylene, the HLB is determined from 
cloud point measurements using the method of Griffin [Grrffin, W.C. Off. Dig. Fed. Paint and Vam^h Production Clubs, 

35 28, 446 (1956): and Schott. H.. J. Pharm. Science, 58, 1443 (1969) (crting Griffin)]. 

[0026] As used herein, the term "hydrophilic particle" refers to a finely-divided, substantially water hsoluble solkJ, 
with a mean volume average diameter less than 5 microns, the surface of which may be treated with an organic com- 
pound and which exhibits a high affinity for water, as reflected by a solki/liquid contact angle (measured througji the 
aqueous phase) of less than 90 degrees. 

40 [0027] As used herein, the term "hydrophobic particle" refers to a finely-divided, substantially water insoluble solid, 
with a mean volume average diarneter less than 5 microns, the surface of which may be treated with an organic corrv 
pound and which exhibits a low affinity for water, as reflected by a solkl/liquid contact angle (measured through the 
aqueous phase) of greater than 90 degrees. 

[0028] As used herein, the term "micelle" refers to an organized cluster of amphipathic surfactant molecules dissolved 
45 in a solvent, in which the lyophobic groups of the individual molecules are oriented towards the interior of the cluster 
(i.e., away from the solvent), and the lyophilic groups of the individual molecules are oriented towards the exterior of 
the cluster (i.e.. towards the solvent). The concentration of surfactant above whk:h mfcelle formation becomes appre- 
ciable is defined as the critical micelle concentratkwi, and is marked by a pl^eau of nearty concentratfon independent 
osmotic pressure and surface tension of the solutk>n. 
so [0029] As used herein, the term "partitioning species" refers to those species, other than the analyte of interest, 
which can migrate from the aqueous phase to the hydrophobic phase (or vice versa) in response to a change in pH in 
the aqueous phase and which substantially affect the concentration dependent signal (i.e.. the signal provided by the 
indicator component whk:h is proportional to the concentFatk)n of the analyte off interest in the medium being measured). 
A material Is 'substantially free' of partitioning species when the species are no longer capable of substantially affecting 
ss the concentratbn dependent signal. 

[0030] As used herein, the term 'response time' refers to the time necessary for the concentration dependent signal 
of a given sensor to reflect the concentration of the analyte of interest when the sensor is exposed to the medium 
containing the analyte. The response time includes any time necessary for the sensor to stabilize to the medium, but 
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does not include the time over which migration of partitioning species occurs to introduce drift. 
Detailed Description 

s [0031] TTie sensors of the present invention comprise an emulsoid of a dispersed aqueous first phase In a hydro- 
phobic second phase. 

[0032] The sensors are formed from a stable emulsion of the dispersed aqueous first phase and a hydrophobic 
second phase precursor. Preferably, the aqueous first phase Includes an indicator component in a buffer solution, and 
a water soluble emulsification enhancement agent preferably comprising a nbnionic amphipathic surfactant. Preferably, 
10 the hydrophobic second phase contains a polymeric precursor having a water insoluble emulsification enhancement 
agent comprising a plurality of dispersed hydrophobic particles. The hydrophobic second phase is permeable to the 
analyte of interest and impermeable to Ionized hydrogen. 

[0033] The emulsion may contain humectants that may enhance the sensor properties, e.g., imparting dry web sta- 
bility, rapid rehydration, and response to atnriospheric CO2. The emulsion can be readily fonmed into a variety of shapes, 

IS as described herein, and is polymerized or hardened to form an emulsoid. 

[0034] In a presently preferred emtxxJiment, a solution or dispersion of a suitable indicator dye is formed in an aque- 
ous buffer. The aqueous mixture preferably further comprises a water soluble emulsification enhancement agent com- 
prising a nonlonic amphipathic surfactant. The aqueous mixture is then emulsified with (or uniformly dispersed or 
suspended with) a liquid precursor of a polymeric material and a water insoluble emulsification enhancement agent 

20 preferably comprising a plurality of dispersed hydrophobic particles. During the emulsification or suspension step, the 
aqueous phase is broken up into very small droplet sizes. The polymeric material is chosen such that the aqueous 
phase is not readily soluble in either the precursor materials for the polymeric material or the polymerized polymeric 
material. Thus the aqueous phase always retains its integrity. By emulsifying or suspending the aqueous phase into 
the polymeric precursor materials, very small discrete "micro-compartments" (altematively referred to as "droplets' or 

25 "cells") of the aqueous first phase can be formed in the polymeric second phase. Upon curing or crosslinking of the 
polymeric phase, tiiese micro<ompartments are fixed in dispersed positions which are essentially uniformly scattered 
throughout the polymeric material. An "emutsokj" of the aqueous first phase is thus fonmed in the polymeric second 
phase. 

[0035] Preferably, the aqueous phase in this preferred embodiment is very evenly distributed within the polymeric 
30 phase, when it is fixed in position in the emulsoid. and its concentratbn is very evenly distributed throughout the 
emulsoid. As a result, tiie concentration of the aqueous phase is uniform through the emulsoid, and the sensing char- 
acteristics of the gas sensor of the invention are also very unifoirm. 

[0036] Contrary to other gas sensors, by using very small emulsion sized particles, the surface area of the indivklual 
micro-compartments and thus the totality of the micrcxxxnpartments of the aqueous phase is very large. Because tiie 
35 surface area of the aqueous phase which is in contact with the surface area of the polymeric phase is very large for 
the gas sensors of this invention, gas exchange to the sensing aqueous phase is fast and is uniformly sensitive to the 
gas concentration within the polymeric phase. 

[0037] A suitable homogenlzer such as a Vertlshear homogenizer may be used to emulsify the mixture of the aqueous 
phase and the polymeric precursor. The emulsification enhancement agents contribute to the stability of the emulsion 
40 or suspenston such that it has an increased shelf life. When it is desired to form tiie gas sensor of the invention, the 
cross-linker and/or catalyst may be added fif they are not already present in the polymeric precursor) or the sensor 
may be exposed to visible light or UV light if a photosensitive initiator is present. The result'mg mixture may ttien be 
shaped and cured. 

[0038] A very simple gas sensor can be formed by simply depositing a drop of the mixture of the emulsion and a 
4S cross-linking agent onto the end of a fiber optic fiber and allowing it to cure into an emuIsokJ directly on the end of the 
fiber Alternatively, the emulsbn rraxture or a sheet of sensor material formed from the emulsion as described in U.S. 
Patent No. 5.508,509 can be placed in a sensor holder or "cassette" to form a sensor. 

[0039] Folbwing emulsification, the aqueous phase Is present In the p&lymeric precursor in micro-compartments 
which are of a size less than 125 microns. Preferably the micro-compartments are nearly monodisperse and smaller 

so than 5 microns. More preferably, gas sensors of the present inventbn will have mbro-compartments of the aqueous 
phase in the polymeric phase wherein the majority of the population of the compartments will be on the order of 2 
microns. It is, of course, reafized that the particles will actually be In a statistical range of particle sizes, some slightly 
larger than the above noted sizes, some slightly smaller, depending on the emulsification procedure and apparatus. 
[0040] The volume of the aqueous phase generally occupies between about 1 and 80 % of the sensing composition. 

S5 More preferably, the aqueous f^iase generally occupies between about 1 0 and 60 % of the sensing composition, and 
most preferably between about 15 and 40 % of the sensing composition. 

[0041] The stability of the emulsion nray be assessed by measuring the rtieological properties of the emulsion as a 
functbn of time. The initial elastic or "storage" modulus of the uncured emulsion is generally greater than about 100 



5 



EP1 054 257A2 



Pa and the equilibrium elastic modulus at 48 hours is also generally greater than 100 Pa when tested as described 
herein. More preferred emulsions have an initial elastic modulus greater than 200 Pa and an equilibrium elastic modulus 
at 48 hours greater than 200 Pa, Most pref enred emulsions have an initial elastic modulus greater than 300 Pa and an 
equilibrium elastic modulus at 48 hours greater than 300 Pa. 

[0042] At a minimum, the aqueous phase must contain an indicator of the gas of interest for which the sensor is 
being used. In general, the aqueous first phase includes a suitable indicator component or 'dye" in a bulfer solution. 
The first phase preferably also Includes a water soluble emulsification enhancement agent such as a nonionic amphip- 
athic surfactant. 

[0043] Other materials can be incorporated into the aqueous phase micro-compartments. Depending on the gas of 
interest, these other materials would be chosen to contribute to the operating characteristics of the gas sensor. For 
example, additional materials (e.g., humectants) can be added to lower the vapor pressure of the aqueous phase in 
the polymeric phase so as to retard the evaporation of the aqueous phase during formation of the gas sensor of interest. 
Aside from materials which contribute to the physical formation of the emulsoid of the aqueous phase in the polymeric 
phase, further additives can be added to the aqueous phase for enhancement of the storage and/or operating char- 
acteristics of the gas sensor as for instance osmoregulatory agents (e.g., NaCI) and/or bacterbstatic agents. 
[0044] According to the present Invention an Indicator component or 'dye" is utilized for sensing a gas of interest. 
Preferably, the indicator component is a pH sensitive optical indicator component. The dye can be one which acts with 
the gas of interest either by directly interacting with the gas or by Indirectly acting with the gas, as for example, by 
sensing a pH change in a medium wherein the pH change is caused by interaction of the gas of interest with that 
medium. Interaction of the gas of interest with the dye, either directly or indirectly, can be monitored by any suitable 
optical technique as for instance by either fluorescence or by absorption. 

[0045] A particular gas of interest for the gas sensor of this invention is carbon dioxide. Preferably for sensing cartx>n 
dioxide a pH sensitive dye would be solubilized in the aqueous phase. Gas exchange through the polymeric phase 
and into the aqueous phase solubilizes the cartoon dioxide gas in the aqueous phase as carbonic acid which interacts 
with the buffer ions. The dye chosen is one which is responsive to the concentrations of the ionic species of the carbonic 
acid in the aqueous phase. i.e., an acid-base responsive dye. 

[0046] In choosing a dye for measuring carbon dbxide in blood, consideration is given to matching the pKa of the 
dye to the pH range of the aqueous phase induced by physical COg levels. In constructing a gas sensor of this invention 
for use in sensing cartx>n dioxide gas in blood, we have found that hydroxypyrene trisulfonate ("HPTS") has charac- 
teristics which are particularly desirable. HPTS, which is a known fluorescence dye for carbon dioxide, has a relatively 
large 'Stokes shift.* For use in fluorescence spectroscopy, this separates the excitatbn light from the emission light 
which improves the measurement of the emissfon light for Improved gas sensor performance. The hydroxypyrene 
trisulfonic acid can be used as a free acid or as one of its salts as for instance an alkali or alkali earth salt. 
[0047] Suitable indicator components for use in the present invention include: 9-amino6-chloro-2-methoxyacridine; 
2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein; 2\r-bis-(2-carboxyethyl)-5-(and-€)-cart)oxyfluorescein, ace- 
toxymethyl ester, 2'.7*-bis-(2-carboxyethyl)-5-(and -6)-cart)oxyfluorescein, acetoxymethyl ester; 5-(and -6)-carboxy-2*, 
7*-dichIorofluorescein; 5-(and -6)-carboxy-2',r-dichtorcfluorescein diacetate; 5-(and -6>Karboxy-4',5*-dlmethylfluores- 
cein; 5-(and -6)-carlx>xy-4',5'-dimethylfluorescein diacetate; 5-carlx>xyffuorescein; 6-carboxyfluorescein; 5-(and -6)- 
cartKJxyfluorescein; 5-carboxyfluprescein diacetate; &cartK)xyfluorescein diacetate; 5-cart)oxyfiuorescein diacetate. 
acetoxymethyl ester; 5-(and -6)-carboxyfiuorescein diacetate; 5-(and -6)-cartDOxynaphthofluorescein; 5-{and -6)-car- 
boxynaphthofluorescein diacetate; 5-{and-6)-cart)oxySN AFL®-1 , succlnimidyl ester {5'(and 6')-succinimkJylester- 
3, 1 0-dihydroxy-spirol7H-benzoIc]xanthene-7. 1 '(3'HHsobenzof uran]-3'-one}; 5-{and-6)-carboxySN AFL(S)-2r succinim- 
idyl ester {5'(and 6>succlnimidylester-9-chloro-3,10KJihydroxy-spiro[7H45enzo[c)xanthene-7,lX3'H)-isoberizo^^ 
S'-one}; cartx)xySNAFL(B>-1 {5'(and 6')-caftx)xy-3,10-dihydroxy-spiro[7H-benzo[c]xanthene-7,1'(3'H)-isobenzofuran]- 
3'-one}; carboxySNAFL<&-1 diacetate {5*(and 6*)-cart>oxy-3,10-diacetoxy-«piro[7H-benzo[c]xanthene-7,1 •{3'H)-isoben- 
zofuran]-3'-one); carbQxySNAFL®-2 {5'(and 60-carbaxy-9<hloro-3.10KJihydra)cy-spiro[7H4>enzo[cJ)^ 
(3*H)-isobenzofuran]-3*-one}; cart)oxySrsfAFL®-2 diacetate {5'(and 6')-cart>oxy-9-chtoro-3.10-diacetoxy-spirD[7H-ben- 
zo[c]xanthene-7,1'{3'H)-isobenzofuran]-3'-one); cart)oxySNARF®-1 {5'(ana 6*)-caiboxy-10-dimethylamino-3-hydroxy- 
spiro[7H-benzolc]xanthene-7,1'(3'H)-isobenzofuran]-3*-one}; carboxySNARF(g>-1 , AM acetate {3-acetoxy-5'-ace- 
toxymethoxycarbonyl-10-dimethylamino-spiror7H-benzo[c])©nthene-7,1'(3'H)-isote carboxy- 
SNARF®-2 {5*(and 6>carboxy-10KJiethylamino-34^ydroxy-spiro[7H-benzo[cJxanthene-7,1'^ 
one}; carboxySNARF(8^-2, AM acetate {3-acetoxy-5'-acetoxymethoxycartx5nyM0-diethylamine-3-hydroxy-spiro[7H- 
benzotc]xanthene-7,1(3'H)-fsobenzofuran}-3'-one}; carbQxySNARF<8>^ {S^and 6>carboxy-10KJiethylamino-3-hy- 
droxy-spiro[7H-benzo[c]xanthene-7.r(3'H)-isobenzofuran]-3'-one}; carboxySNARF(g>-X {^(and 6')-carboxy-3-hy- 
droxy-tetrahydroquinolizinofl ,9-hi]spiro[7H-benzo[c]xanthene-7.1 *{3*H)-isobenzof uran]-3'-one}; 5-chtaromethylfluo- 
resceln diacetate; 4HchIoromethyl-7-hydroxycoumarin; CI-NERF {4^2-chloroe-(ethylamino)-7-fnethyl-3^xo-3H-xan- 
then-9-ylJ-1.3-benzene-dicart»oxylicacid}; dextran, BCECF, 10,000 MW. anionic {dextran, 2',7*-bis(2-cart>oxyethyl)-5 
(and 6)-carboxy-fluorescein, anionic}; dextran, BCECF, 40,000 tm, anbnic; dextran, BCECF, 70,000 1^, anfonic; 
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dexlran, CJ-NERF, 10,000 MW anionic; dextran, CI-NERF. 70.000 MW, anionic; dextran, CI-NERR 10.000 MW, anionic, 
lysine fixable; dexlran, DM-NERF. 10,000 MW, anionic {dextran, 4^2.7-dimethyl-6-(ethylamino)-3K>xo-3H-xanthen- 
9-yl]-1.3-benzene dtcarboxylic add, anfonic); dextran, DM-NERF. 70,000 MW. anionic; dextran, DM-NERF. 10,000 
MW, anionic, lysine fixable; dextran, 7-hydroxycoumarin. 10,000 MW, neutral; dextran; 7-hydroxycounr>arin, 70,000 

5 MW, neutral; dextran, p-methylumbelliferone, 10,000 MW, neutral; dextran, p-methylumbelliferone, 70.000 MW, neutral; 
dextran, SNAFL(8^2, 10.000 MW, anionic {dextran, 9-chloro-3,10-dihydroxy-spiro[7H-ben2o[c]xanthene-7.V(3'H)-iso- 
benzofuran]3*-one, anionic); dextran, SNAFL(8^-2, 70,000 MW, anionic {dextran, 10-dimethylamino-3-hydroxy-spiro[7H- 
ben20[c]xanthene-7.V{3*H)-isoben2ofuranJ-3'-cne, anionfc); dextran, SNARF(8>-1, 10,000 MW, anfonic; dextran, 
SNARF(8^1, 70,000 MW, anionic; 1 .4-dihydroxyphthaIonitrile; DM-NERF {4-[2,7-dimethyl-6-ethylamino)-3-oxo-3H- 

10 xanthen-9-yl]1.3-benzene dtcarboxylic acid}; fluorescein diacetate; 8-hydroxypyrene-1,3.6-trisutfonic acid, trisodium 
salt; naphthofluorescein; naphthcfluorescein diacetate; SNAFL(^1 {3,10-dihydroxy-splro[7H-benzo[cJxanthene-7,l ' 
(3'H)-isoben20furan]-3"-one}; and SNAFL(8>-1 , diacetate {3.10-diacetaxy-spiro[7H-ben2o[c]xanthene-7.1'(3*H)-isoben- 
zofuranJ-S'-one}. Many of the above indicator compounds are commercially available from Molecular Probes, Inc. 
■SNARF" and "SNAFL" are registered trademarks of Molecular Probes. Inc. The structures of many of the aforemen- 

is tbned indicator compounds are listed in "Handbook of Fluorescent Probes and Research Chemicals". 5th Edition, 
pages 1 29 to 1 41 {t992) by Richard P. Haugland. Also absorption dyes such as chtorophenol red, bronrK> cresol purple, 
nitrophenol, bromo thymol blue, pinachorome and phenol red could be used. 

[0048] Preferably, the concentration of the dye in the aqueous phase would be from about 1 miltinnotar to about 20 
millimolar with about a 2 to 8 mlllimolar solution being typically used. 

20 [0049] Certain properties of the emulsfon or suspension between the aqueous phase and the polymeric precursor 
can be enhanced by adding additbnal agents herein identified by the terminology "emulsificatbn enhancement agents'. 
These emulsification enhancement agents enhance certain manufacturing properties such as shelf life of the gas sensor 
intermediates by stabilizing the emulsion with respect to aggregation and coalescence. By stabilizing the emulsion or 
suspension of the aqueous phase and the polymeric precursor with respect to aggregation, it is not mandatory to 

25 immediately polymerize the aqueous phase-polymeric precursor emulsion or suspension into the emulsoid gas sensor 
of the inventfon. Wrth the additbn of the emulslficatkMfi enhancement agents, the emulskxi or suspensfon of the aqueous 
phase and polymeric precursor is stable and can be set aside for formation into the emulsoid gas sensor of the invention 
at a later time. This reduces the need to adhere to a tight manufacturing schedule and reduces or prevents the gen- 
eratbn of manufacturing "scrap materials' which are economically wasteful. 

30 [0050] We have discovered that a particularly preferred emulsrlication enhancement agent system comprises the 
combination of a water soluble emulsification enhancement agent arid a water insoluble emulsification enhancement 
agent The water soluble emulsification enhancement agent is preferably provided in the aqueous first phase and the 
water insoluble emulsification enhancement agent is preferably provided in the hydrophobic second phase. 
[0051] Preferably, the water soluble emulsification enhancement agents are amphipathic copolymers or surfactants. 

35 More preferably, the water soluble emulsification enhancement agents are nonionic, amphipathic copolymers or sur- 
factants. 

[0052] In general, an amphipathic compound is a molecule capable of forming micelles and generally consists of a 
chemical stmctural group (the lyophobic group) having very little affinity for the solvent (hence tow solubility tn that 
solvent), combined with a chemical structural group (the lyophilic group) having very high affinity for the solvent (hence 
40 high solubility in that solvent). When the solvent is water or predominantly aqueous, the lyophobic group is described 
as hydropfiobic and the lyophilic group is descn'bed as hydrophilic. 

[0053] Prefen-ed water soluble emulsification enhancement agents comprises a nonionk:, amphipathic copolymer 
containing both hydrophilic and hydrophobic moieties. More preferably, the hydrophilic moiety is polyethylene oxWe 
and the hydrophobfc moiety is polypropylene oxide. 
45 [0054] In one preferred embodiment, the water soluble emulsification enhancement agent is an ABA block copolymer 
wherein the A btock Is a polyethylene oxide nrK>iety and the B btock Is a polypropylene oxkie moiety. Altematively. the 
water soluble emulsification enhancement agent may be an AB, BA. or BAB block copolymer, wherein the A btock is 
a polyethylene oxide moiety and the B block Is a polyjpropylene oxide moi§ty. 

[0055] Suitable water soluble emulsification enhancement agents have a "hydrophile-lipophile balance" (HLB) of at 
so least 5. when determined as described herein. Preferred water soluble emulsificatk^n enhancement agents have a 
HLB of at least 7, more preferred water soluble emulsification enhancement agents have a HLB of at least 8, and most 
preferred water soluble emulsificatton enhancement agents have a HLB of at least 10. 

[0056] Preferred sensors are formed from emulsions in which the water soluble emulsification enfiancement agent 
has a "cloud point' greater than 20 "0. More preferred sensors are formed from emulsions in which the water soluble 
55 emulsification enhancement agent has a 'cloud point' greater than 60 "C, and most preferably greater than 100 •C. 
[0057] Preferably, the water soluble emulsification enhancement agent is present in a concentration up to about 10 
weight % in the sensing composition. More preferably, the water soluble emulsification enhancement agent is present 
in a concentration, of between 0.01 and 5 weight % in the sensing composition, and most preferably, the water soluble 
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emuteffication enhancement agent is present in a concentration of between 0.1 and 3 weight % in the sensing com- 
positton. 

[0058] Preferred water soluble emulsificatlon enhancement agents include block copolymer surfactants such as 
■PLURONIC" and TLURONIC R" sufactants from BASF (Wyandotte. Ml). Suitable block copolymer surfactants are 
5 prepared by the controlled addition of propylene oxWe to the two hydroxyl groups of propylene glycol Ethylene oxWe 
is then added to sandwich this hydrophobe between hydrophilic groups. The general structure of commercially available 
block copolymers of this type (PLURONIC) Is represented below: 

HO(CH2CH20),-(CH2C(CH3)HO)y-(CH2CH20),.-H 

Alternatively, copolymers may be prepared by reacting ethylene oxide with ethylene glycol. Propylene oxkJe is then 
added to obtain hydrophobfc blocks on the outskie of the molecule. The general structure of commercially available 
block copolymers of this type (PLURONIC R) is represented below: 

IS 

HO-(C(CH3)HpH20)^-( CH2CH20)y-(GH2C(CH3)HO)^.-H 

[0059] Suitable commercially available surfactants include ABA block copolymers such as PLURONIC surfactants, 
20 and BAB block copolymers such as Pluronic R surfactants. Suitable PLURONIC surfactants include: L10. L35, L42. 
L44. L62. L62D. L62LF. L63. L64. L72. L77. L92. F38, F68. F68LF, F77. F87, F88. F98, F108, F127, P65. P75. P84. 
P85, P103, P104, P105, and P123. PLURONIC F108 is presently most preferred. Suitable PLURONIC R surfactants 
include: 10R5. 10R8. 17R4, 17R8. 25R4. 25R5, 25R8, and 31 R4. 

[0060] Also suitable are similar ABA and BAB surfactants sold under the tradenames Poloxamers (BASF); Hodags 

2S (Calgene Chemical); and Synperonics (ICI Chemicals). 

[0061] Other suitable water soluble emulsificatton enhancement agents include polyalkylene oxide-modified poly- 
dimethylsiloxane surfactants such as "SILWET" surfactants from OSi Specialties. In general, these block copolymer 
surfactants are composed of a siloxane molecular backbone with organic polyalkylene oxide pendant groups. A major 
class of these surfactants Is a linear polydimethylsiloxane to which polyethers have been grafted through a hydrositation 

30 reactbn. The general structure of these surfactants is represented below: 

Me3SiO(Me2SiO)^(Me(PE)SiO)ySiMe3 

3S where: 

PE is -CH2CH2CH20(EO)„{PO)^ 
Me is methyl; 

EO represents ethyleneoxy; 
40 PO represents 1 ,2-propyleneoxy; and 

Z can be either hydrogen or a bwer alkyl radbal. 

Another class is a branched polydimethylsiloxane to which polyethers have been attached through condensatbn chem- 
istry. These surfactants have the general structure: 

45 

(MeSi)y.2l(OSiMe2),^0-PE]y 

where: 

50 

PEis-(EO)„(PO)„R,and 
R is a bwer alkyl group. 

By varying the coefficients x, y, m, and n, a broad range of surfactants are obtained. 
55 [0062] Suitable SILWET surfactants include: L77. L720. L7001 . L7002. L7087. L7200, L7230, L7600, L7604, L7605. 
L7607. and L7657. 

[0063] Other suitable water soluble emulsificatron enhancement agents include block copolymer surfactants com- 
prising propylene oxide and ethylene oxide bkx:ks. The general structure of commercially available bkx;k copolymers 
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of this type is represented below: 

RO-(CH2CH20)^-(CH2C(CH3)HO)y-H 

5 

where: 

RisHoralkyl. 

R^resentative examples of surfactants of this class include: Hypermer B261 (PEO-PPO block copolymer). Dow 
PI 5-200 (random copolymer of PEO and PPO). and UCON 75H-90000 (random blocks of PEO and PPO). 
10 [0064] Other suitable water soluble emulslfication agents Include nonlonic surfactants based on ethylene oxide. The 
general structure of commercially available surfactants of this type is represented below: 

R-(CH2CH20)j^-H 

IS 

where: 

R is H, OH, or alkyl. provided that x is at least 40. and preferably at least 70. when R is H or OH. 
Representative examples of water soluble EEAs of this class where R is OH. include polyethylene oxide. Suitable 
polyoxyethylene ateohols also include BRIJ surfactants available from ZENECA, fom^erly available from ICI Chemicals. 

20 such as BRU 35, BRIJ 68, BRIJ 97, BRIJ 99. BRIJ 700 and BRIJ 700s. Representative examples of water soluble 
EEAs of this class where R is alkyl, include polyoxyethylene sorbitan fatty esters (e.g.. polyoxyethylene sorbitan mon- 
olaurate, polyoxyethylene sorbitan monopalmitate, and polyoxyethylene sorbitan monostearate) such as TWEEN sur- 
factants available from Zeneca. Suitable TWEEN surfactants include TWEEN 20 (polyoxyethylene (20) sorbitan nrKm- 
olaurate), TWEEN 40. TWEEN 60, and TWEEN 80. 

25 [0065] Suitable water soluble emulsification enhancement agents have a weight average molecular weight between 
100 and 50,000. Preferred water soluble emulsification enhancement agents have a weight average molecular weight 
between 500 and 20.000, and more preferred water soluble emulsification enhancement agents have a weight average 
molecular weight between 5.000 and 20,000. 

[0066] The aqueous phase preferably includes a suitable buffer. For example, aqueous compositions can be pre- 
30 pared by addition of various amounts of indicator, sodium bicarlxjnate, and a 50:50 mix of monobasic sodium phosphate 
and dibasic sodium phosphate. Those skilled in the art will recognize that these same compositions can be prepared 
in alternate ways without affecting the resultant buffer composition or the resultant buffer performance as a function of 
CO2 partial pressure. FurthemfK>re. it is recognized that the sodium kan or chloride ion as counterions for the buffering 
species can be replaced by other salt forming ions without changing the scope or intent of this invention. 
3S [0067] Preferred for use in sensing carbon dbxide is a bicarbonate bn based buffer in the aqueous phases Such a 
buffer can be chosen so as to have a buffer range compatible with the response range of the dye. Such a range might, 
for instance, mimic the physiok>gical pH range of blood. Suitable for the preparatbn of such a bicartxsnate ion buffer 
woukJ be sodium bk:artxxiaite, sodium cartxxiate and sodium hydroxide or other suitable buffer agents. Suitable dis- 
persed aqueous first phases are buffered to a pH range between about 5 and 14. For measuring bkxxi carbon dksxide 
40 with hydroxypyrene trisulfonic acid, a pH range between about 7 and 8 is the most desirable. 

[0068] Preferably, the concentration of the sodium bfcartxjnate and HPTS indicator shouW be chosen to optimize 
the sensitivity of the sensor over the range of CO^ partial pressures commonly encountered during blood gas moni- 
toring. In additbn. this optimized sensitivity can be obtained at a higjher sodium bicarbonate concentration by increasing 
the pKa of the indicator. 

45 [0069] Generally the concentration of the phosphate buffer in the aqueous phase would be from about 1 miIlirTX>lar 
to about 50 millrmolar with about a 10 millimolar solution typically being used. Generally the concentration of the bi- 
carbonate buffer in the aqueous phase would be from about 5 millimolar to atx>ut 200 millimolar, with about a 20 
millimolar fonmal concentratbn being used. ' 

[0070] The aqueous phase also preferably includes a suitable humectant. Although not contributing essentially to 
50 the stability of the emulsbn. the addition of a humectant to the dispersed aqueous phase may add additional improve- 
ments to the cured emuisokJ whfch include Improved intensity stability in the dry coated web, improved rehydration 
rate, unproved autoclave stability, and improved manufa^ring robustness. In one embodiment, the humectant con- 
stitutes the major component of the dispersed phase. 

[0071] Preferred humectants may provide sensors having a shorter equilibration time when the sensor is moved 
55 from a dry environment to a humid or aqueous environment compared to a sensor that does not contain a humectant. 
In addition, more preferred humectants are thermally stable at temperatures up to 1 21 **C for 1 hour. 
[0072] In general, a humectant is a substance that has an affinity for water and provides a stabilizing actbn on the 
water content of a material or compositbn. Suitable humectants may vary in molecular weight, chemical compositbn, 
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heat stability, and purity. Examples of preferred humectants include hydroxypropyl starch, hydroxyethyl starch, dextran, 
polyvinylalcohol, glycerol, polyvinylpyrrolidone, xanthan gum, gum arable, methyl cellulose, tragacanth, acacia, agar, 
pectin, sodium alginate, alginate derivatives, proteins, gelatins, guar gum, polyethylene glycol, polyethylene oxide, and 
hydrogels. 

s [0073] Suitable commercially available humectants include: Starpol 530 (a hydroxypropyl-substituted polysaccaride 
with -500,000 to 600,000). Staipol 560 (a hydroxypropyl-substituted polysaccaride with 900.000 and com- 
prising a mixture of 27 parts amylose and 73 parts amylopectin). glycerol, trehatose, xanthan gum, etc. 
[0074] Suitable humectants include water soluble molecules having a weight average molecular weight below about 
4 million. Pref ened humectants include water soluble molecules with a weight average molecular weight below 2 million, 

10 and more preferably those molecules having a weight average molecular weight below 1 ,000,000. 

[0075] The amount of humectant in the sensor's dispersed phase Is preferably chosen to provide the desired addi- 
tional improvements to the^mulsion. In one embodiment, the humectant is present In an amount between about 0.5 
and 99 % by weight of the dispersed phase. More preferably, for sensors used in a wet medium, such as blood, the 
humectant is present in an amount between 1 and 70 % by weight of the dispersed phase, and most preferably, the 

IS humectant is present in an amount between 5 and 30 % by weight of the dispersed phase. Preferably, for sensors used 
in a dry medium, such as air, the humectant is present in an amount at least 1 % by weight of the dispersed phase, 
more preferably, the humectant is present in an amount at least 30 % by weight of the dispersed phase, most preferably, 
the humectant is present in an amount at least 50 % by weight of the dispersed phase, and optimally, the humectant 
is present in an amount at least 70 % by weight of the dispersed phase. 

20 [0076] A hydrophobic second phase (e.g. , a polymeric phase) is chosen as a earner for the dispersed aqueous phase 
and to maintain the individual micro-compartments of the first phase in their dispersed fonm. The second phase should 
be permeable to the gas of interest It should also be translucent or transparent to the wavelength or wavelengths of 
light utilized In the measurement of the gas of interest. Further, since it is necessary to maintain the aqueous phase 
isolated from the earner fluid of the gas of interest, the second phase should be substantially impermeable to liquid 

2S water. In order to isolate the indicator and/or any other ingredients in the aqueous phase, the hydrophobic phase should 
also be impermeable to ionic species. 

[0077] Because of their high gas permeability and ionized hydrogen impermeability, silicone polymers are preferred 
for use as the hydrophobic secondary phase which separates the aqueous phase and the medium being analyzed. 
Care should be taken to select appropriate materials for use as the hydrophobic phase or to treat the materials to 

30 remove or immobilize any partitioning species that might contrbute to undesirable drift 

[0078] In general, the polynieric phase can be prepared via several polymerization reactions. In addition to traditional 
■addition type" polymerization, the polymeric phase can be prepared using free radical polymerization reactbns (e.g., 
using silicones having ethylenically unsaturated groups); condensation polymerization reactbns (e.g., using silanol 
terminated silicones cross-linked with alkoxyl silanes using catalysts such as tin derivatives); or photoinitiated polym- 

35 erization reactions (e.g.. using ultraviolet or visible light catalysts). 

[0079] In one presently preferred embodiment the polymeric phase is prepared via a photoinitiated polymerization 
reaction and optionally foltowed with a thermal polymerization reaction. This may be done using either UV near IR, or 
visible light In one embodiment a free-radical initiator is utilized to crosslink an acrylate or methacrylate furK:tk>nat 
silicone polymer. Alternatively, a radiation activated hydrosilation reaction may be employed (as described In U.S. Pat. 

40 Nos. 4,530,879, 4.51 0,094, and 4,91 6. 1 69) with traditional siloxane polymers and crosslinkers. 

[0080] For use in fomung a carbon dbxide gas sensor, polydimethysibxane, used in conjunction with a cross-linking 
agent and a platinum catalyst such as a Karstedt catalyst, is particularty preferred. Alternatively, a photo-activated 
catalyst, such as are described in U.S. Pat Nos. 4,916,169 and 5,145,886. may be used and may result in a decrease 
in scrap and waste compared to typical silicone catalyst formulatbns. Photo^tivated systems are also preferred for 

4S their greater flexibility in manufacturing. Traditional silicone systems require careful attention to woridng time and setting 
time constraints. Great care must be taken to fuDy form the sensor within the working time of the silicone material. 
Failure to finish forming the sensor within the allotted time results in scrap product Photo-activated materials are more 
convenient, since the activation step can be delayed until the sensor is completely and fully formed. This virtually 
eliminates waste due to premature setting. 

so [0081] Suitable photoinitiators for use in the present inventbn should not undesirably contribute to CC^ conditioning 
drift or undesirably friterfere with the transmission of either the excitation light signal or the emission light signal through 
the sensor. 

[0082] Preferably, from about 1 gram to about 4 grams of the aqueous solution would be added to about 10 grams 
of the polymeric precursor. More preferably, about 2 to 3 grams of the aqueous phase per 7 to 1 0 grams of the polymeric 
ss precursor is used. Preferably, the cross-Gnking agent would be added from about 2% to atx>ut 20% by weight of the 
polymeric precursor with approximately 5% to 10% by weight with respect to the weight of the polymeric precursor 
typically being used. 

[0083] As prevbusty mentbned, the hydrophobb phase preferably comprises a water insoluble emulsification en- 
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hancement agent. The water insoluble emulsification enhancement agent preferably comprises a pluralrty of dispersed 
hydrophobic particles. Such agents sen^e to stabilize the initially formed emulsion or dispersion prior to final crosslinking 
or cure. These agents, when added to the hydrophobic phase, may also serve to enhance the structural characteristics 
of the hydrophobic phase after crosslinking. That is to say, the filler may serve to improvo the mechanical strength or 

s integrity of the cured matrix. 

[0084] While not wishing to be l)ound by any particular theory as to the mechanism, we believe that the amphipathic 
nature of the water soluble emulsifier allows the emulsifier to orient at the water/oil interface and interact with the water 
insoluble emulsifier which is also oriented at that interface, thus leading to enhanced aggregation stability 
[0085] Suitable hydrophobic particles include organfc or inorganic particles. Suitable particles include hydrophilic 

10 particles that have been treated with an agent or agents to render the surface hydrophobic. Suitable inorganic particles 
include aluminum oxide, zirconium oxide, titanium c»dde. and silica. Preferred inorganic particles are treated and include 
fumed, precipitated, or finely divided silicas. 

[0086] More preferred inorganic particles include the colloidal silicas known under the tradenames of CAB-OSIL 
(available from Cabot) and AEROSIL (available from Degussa). 

15 [0087] Suitable inorganic fillers include surface treated colloidal silica fillers such as CAB-O-SIL TS-530, and TS- 
720; arid Degussa R81 2; RBI 2S, and R202. "CAB-OSIL TS-530" is a high-purily treated fumed silk3 which has been 
treated with hexamethyldisilazane (HMDZ). The treatment replaces many of the hydroxy! groups on the fumed silica 
with trimethylsilyl groups. As a result the silica is made hydrophobic. The surface area of the TS-530 material is ap- 
proximately 200 nr^/g ± 40 m^/g (using BET method). 

20 [0088] Preferably the hydrophobic filler particle has a relative hydrophobicity, as described and measured herein, of 
at least 2, more preferably at least 4, and most preferably at least 5. 

[0089] Preferably the hydrophobic filler particle is a finely-divided, substantially water insoluble solid, with a mean 
volume average diameter less than 5 microns, the surface of which may be treated with an organic compound. Suitable 
filler particles exhibit a low affinity for water, as reflected by a solid/liquid contact angle (measured through the aqueous 
25 phase) of greater than 90 degrees. More preferred hydrophobic particles have a solid/liquid contact arigle (measured 
through the aqueous phase) greater than 110 degrees, and most prefen-ed hydrophobic particles teve a solkl/fiquid 
contact angle greater than 130 degrees. 

[0090] Preferably, the radius of curvature of the hydrophobic particle is less than the radius of curvature of the emul- 
sion droplet. More preferred hydrophobic particles have a mean volume diameter less than 5 microns, and most pre- 
30 ferred hydrophobic particles have mean volume diameter less than 1 micron. 

[0091] In one embodiment, the hydrophobic particles are chemically bonded to the hydrophobic second phase. This 
may be accomplished, for example, by bonding the silicone chains to the silica in the presence of an ammonia catalyst 
under heat and vacuum. Alternatively, hexamethyldisitezane can be used. 

[0092] Preferably, the filler is selected such that undesirable partitioning species are not inadvertently brought into 

35 the sensor compositfon. For example, Tullanox 500 fumed silica has been obsewed to contain a significant level of a 
basfc species (introduced with a hydrophobic surface treatment). The residual base (believed to be ammonia) likely 
leaves the sensor during storage or during processing erf the sensor. Nevertheless, as an extra precaution, one may 
preferably use filler which has been heated under vacuum (e.g., for 12 hours at 1 50 '*C and at 2 mm Hg) or a deam- 
moniated filler such as CABO-SIL TS-530. Also preferred are silica fillers which have been hydrophobically treated 

40 by processes vyhich do not result in the presence of basic impurities (such as CA&O-SI L TS 61 0 or CAB-O-SIL TS 720). 
[0093] Preferably, the hydrophobic partfcles are present in a concentratkxi of between 0.1 and 20 weight % in the 
sensing composition. More preferably, the hydrophobic particles are present in a concentration of between 1 and 10 
weight % in the sensing composition, and most preferably between 3 and 6 weight % in the sensing compound. 
[009f| Certain materials used in trad'tttonal CO^ sensors, for example, in the aqueous first phase, in the hydrophobic 

45 second phase, or in other parts of the sensor, are believed to undesirably contribute to CC^ conditioning drift and/or 
saline drift. These materials may themselves contribute to drift or contain "impurities' or residual species (hereinafter 
collectively referred to as "partitioning species") that contribute to the drift problem. The amount of such materials or 
impurities needed for drift to occur is extremely small. Because of the large number of ingredients and materials that 
go into a typical CO^ sensor, titratable partitioning species are ubiquitous unless extraordinary precautions are taken 

so to eBminale them or control them. Each and every part of the sensor must be considered for its potential contribution 
of titratable partitioning species. This includes the aqueous phase (including, for example, surfactants used therein), 
the hydrophobic phase (including, for example, the silfcjone polymer and/or cross-linker, and fillers used therein), any 
optional films or overcoats (for example, substrate films or webs used when coating sensing elements, optical barrier 
films, etc.), and any optional acftiesives and/ot adhesion promoters used to secure the sensor to an optical fiber, cas- 

55 sette, or a substrate film. The partitioning species may also be liberated or released from one or more of the sensor 
components as a result of a subsequent process (e.g. . a heating process or autoclaving) or exposure to an environment 
For example, some nralerials contained within traditional sensors contain species which are believed to become par- 
titioning species only when the sensor is steam steriDzed or heated. Witfn this understanding of tine causes of CQ^ 
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conditioning drift and saline drift several nrtethods are proposed to provide sensors which are essentially drift free. By 
careful selection and/or purification of components essentially drift-free sensing elements are provided which are not 
adversely affected by steam sterilization. A more complete discussion of the causes of CC^ conditioning drift and saline 
drift is found in copending U.S. Patent Application No. 08/375,304. 

5 [0095] Other particular gasses of interest for the gas sensor of this invention include ammonia, SO^. and NOg. For 
sensing amrTX)nia. a pH sensitive dye would be solubilized in the aqueous phase. Gas exchange through the polymeric 
phase and into the aqueous phase solubilize the ammonia gas in the aqueous phase which interacts with the buffer 
Ions. The dye chosen is one which is responsive to the concentrations of the tonic species of the ammonia in the 
aqueous phase, i.e.. an acid-base responsive dye. Preferred for use in sensing ammonia is an ammonium chloride 

10 ion based buffer in the aqueous phase. Such a buffer can be chosen so as to have a buffer range compatible with the 
response range of the dye. Suitable indicators for use in measuring ammonium concentration riclude acridine orange, 
1-hydroxypyrene-3,6.B-trisulphonate. and 1 -naphthoM-sulphonate. 

[0096] In one embodiment, this ffivention is directed to a gas sensor which can be utilized with a fiber optical cable. 
i.e., a single optical fiber or a bundle of the same. Prefen-ed sensors have a response time less than 5 minutes, more 

IS preferably less than 2 minutes, and most preferably less than 1 minute. The fiber optic cable is associated with appro- 
priate optical and electronic devices for imposing an optical signal from the gas sensor. A plurality of techniques for 
transmitting and reading appropriate optical signals can be utilized with the gas sensors of the invention. The optics 
and electronics for gas sensing will not be reviewed in detail, reference being made to the disclosures of U.S. Pat. 
Nos. RE 31,879; 4.557.900; and 4,824,789. Notably, other means of transmitting light to and from the sensor may be 

20 employed. For example, a light source such as a LED may be placed next to or against the sensor. 

[0097] In another embodiment, this Invention is directed to a gas sensor comprising a sensor 'cassette' through 
which a medium such as blood can flow. The cassette can be utilized with a fiber optical cable associated with appro- 
priate optical and electronic devices, as discussed above, for imposing an optical signal from the gas sensor. U.S. 
Patent Nos. 4,640,820 and 4.786,474 (Cooper) describe a suitable cassette. Notably, other means of transmitting light 

2S to and from the cassette may be employed. For example, a light source such as a LED may be placed next to or against 
the sensor or cassette. 

[0098] Seen in FIG. 1 is a drop 10 of the emulsion or suspension of the aqueous phase in the polymeric precursor. 
As is evident, the micro-compartments 12 are dispersed in a uniform manner through the drop 10 of the emulsfon. 
[0099] For formation of a very simple gas sensor 1 4 of this invention, in FIG. 2a, a drop of ttie above mixture is placed 

30 on the distal end 15 of an optical fiber 16. The mixture of the cross-linking agent and the polymeric precursor having 
the aqueous phase as an emulsfon therein cures into an emulsoid 18 of the micncHX)mpartments 20 of the aqueous 
phase in the polymeric material or carrier body 2^ If desired, the emulsoid 1 8 can be retained on the end of the fiber 
16 using a suitable optional sleeve 24. The sleeve 24 can be constmcted from a suitable material such as Teflon or 
the like. Further, to avoid light intensity changes caused by factors other than the changes in partial pressure of the 

3S gas sensed, an overcoat 26 can be added as a layer over the exposed positions of the emulsoid 1 8. For use with a 
fluorescent dye. the overcoat 26 Is chosen to be opaque to the excitation light wavelengHi and to the emission light 
wavelength A^n, both of which are transmitted along the same single optical fiber 1 6. A surtable material for the overcoat 
26 would be vinyl end-capped poly(dimethyl) siloxane impregnated with cartx)n black. 

[0100] As is evident in FIG. 2a. the size of the gas sensor 1 4 is dictated only by the optical fiber size. The gas sensor 
40 14 thus fomied is of a sufficiently small size so as to be introducible directly mto the cardtovascular system of a patient 
for direct real time measurement of the partial pressure of a blood gas such as carbon dioxide, ff the fiber optic fiber 
16 of FIG. 2a is typically about 125 micron in diameter, it is evident that the emulsoid 18 is approximately equal to or 
less than this size in each of its orthogonally oriented width, height and depth dimensions. Other constnidions of gas 
sensors are also possible utilizing ttie emulsoid of this invention, ft, of course, being realized that smaller sensors could 
45 be constmcted by utilizing a smaller diameter fiber optic cable. 

[0101] By using the above noted gas sensor constructfon in conjunction with HPTS as a pH sensitive dye, detenmi- 
nation time of the cartxwi dbxide partial pressure is made in a time period of approximately one minute. This gas sensor 
preferably can be autoclaved to sterilize it without detracting from or degrading its perfomriance and during rts use it is 
essentially temperature stable. 

so [0102] FIG. 2b shows a sensor 110 according to the present invention. Sensor 110 is adapted to determine the 
concentratHXi or partial pressure of cartXMi dioxide in bkxxi. An optical fiber 112 is connected to an appropriate light 
transmitting apparatus 114, which is capable of transmitting light at 410 and 460 nanometers. The light transmitting 
apparatus 114 generates the excitation light at ttiese wavelengttis. The optical ftoer 112 is also connected to a light 
receiving apparatus 116, which, in turn, is connected to a conventional electronic processor 117. Located on ttie optbal 

55 surface 118 of the optical fiber 112 is a matrix 120 which is a carbon dtoxide permeable material, such as a cross- 
linked addition cured sikjxane polymer. Within the matrix 120 is a plurafity of micro-compartments 1 21 comprising an 
aqueous phase including HPTS indicator dye. The highly carbon dioxide permeable matrix 120 adheres to the optical 
surface 118 and slightly down atang the skies 122 of the end of fiber 112. An opaque overcoat 124, comprising iron 
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oxide pigment dispersed in an addition cured polysiloxane. can then be applied over the totality of the matrix 120 and 
down further along the side 1 22 of the fiber 112. 

[0103] In use, sensor 110 functions as follows. The tip of optical fiber 112 including matrix 120 and overcoat 124 is 
exposed or immersed in blood, the cart>on dbxide concentration of which is to be deteinnined. Light transmitting ap- 

s paratus 114 transmits light at 410 nanometers to the optical fiber 112. The excitation light at 410 nanometers causes 
the matrix 1 20 to fluoresce at 51 0 nm. In this case, the 41 0 nm light is absorbed primarily by the ackiic form of HPTS. 
Excited state deprotonation follows, giving rise to 510 nm emission from the basic form of the dye. This emission is 
proportional to the amount of HPTS initially present in the acidic fonn. As the concentration of carbon dioxide in the 
blood increases, the pH of the aqueous phase drops and the intensity of 510 nm emission associated with 410 nm 

10 excitation increases. Light transmitting apparatus 114 then transmits light at 460 nm to the optical fiber. The excitatbn 
light at 460 nm also causes the matrix 120 to fluoresce at 510 nm. In this case, the 460 nm light is absorbed by the 
basic form of HPTS, which emits directly at 510 nm. This emissfon is proportional to the amount of dye initially present 
in the basic form. As the concentration of cartxjn dioxide in the blood increases, the intensity of 510 nm emission 
associated with the 460 nm excitation decreases. The fluorescent emitted signals are transmitted from matrix 120 

IS through optical fiber 112 to light receiving apparatus 116. Processor 117 uses infomration received by light receiving 
apparatus 116 on the longer emitted signal to determine a value of the carbon dioxide concentration in the blood. 
Receipt and analysis of this fluorescent light by light receiving apparatus 1 1 6 and processor 1 1 7 may be earned out in 
a manner similar to that described in U.S. Pat Nos. RE 31 ,897 and 4.557,900. Processor 1 1 7 uses information received 
by light receiving apparatus 116 of the fluorescent signals emitted at 510 nanometers to develop a ratio of the emitted 

20 fluorescent signal associated with 460 nm excitation to the fluorescent signal associated with 41 0 nm excitation. Using 
this ratio together with the above-noted cartxsn dioxide concentration, processor 117 can determine a corrected con- 
centration of cartx5n dioxide in the blood to be analyzed. This conected carbon dioxide concentration is found to be 
accurate even if the optical fiber 112 is bent at one or more points along its length and/or if other light tiBnsmission 
difficulties are encountered. 

2S [0104] The above-noted procedure may occur periodically or even substantially continuously to give substantially 
continuous carbon dioxide concentration results. Of course, the transmission of the excitation at 460 nanometers can 
take place before transmission of the excitation at 410 nanometers. Also, by proper selection of the optical indicators, 
e.g., fluorescent dyes, the concentration of other components of interest can be detemiined. In addition, media other 
than blood can be analyzed. 

30 [0105] The optical fiber 112 may be in the form of a probe or a catheter insertable into a blood vessel of a patient to 
provide continuous on-line In ynyo monitoring of oxygen concentration in the blood. Alternately, the present sensor can 
be embodied in a flow-through housing as shown, for example, in U.S. Pat. No. 4,557,900, to provide extra corporeal 
monitoring of carbon dioxide concentration in the blood. 

[0106] FIG. 2c shows a sensor 210 according to the present invention. Sensor 210 is adapted to determine the 

3S concentration or partial pressure of carbon dioxicfe in blood. An optical fiber 212 is connected to an appropriate light 
transmitting apparatus 214. which is capable of transmitting light at 543 nanometers. The fight transmitting apparatus 
21 4 generates the excitation light at this wavelength. The optical fiber 21 2 is also connected to a light receiving appa- 
ratus 216, which, in turn, is connected to a conventional electronic processor 217. Located on the optical surface 218 
of the optical fiber 21 2 is a matrix 220 which is an cart)on dbxide permeable materel, such as a cross-linked addition 

40 cured siloxane polymer. Within the matrix 220 is a plurality of micro-compartments 221 comprising an aqueous phase 
including a dye (e.g.. SNARF-6). The highly carbon dioxide permeable matrix 220 adheres to the optical surface 218 
and slightly down atong the sides 222 of ttie end of fiber 21 2. An opaque overcoating 224, comprising iron oxide pigment 
dispersed in an addition cured polysitoxane, can then be applied over the totality of the matrix 220 and down further 
along the side 222 of the fiber 21 2. 

45 [0107] In use. sensor 21 0 functions as follows. The tip of optical fiber 212 including matrix 220 and overcoating 224 
is exposed or immersed in blood, the carbon dicMOde concentration of which is to be determined. Light transmitting 
apparatus 214 transmits light at 543 nanometers to the optical fiber 21 2. The excitation light at 543 nanometers causes 
the matrix 220 to fluoresce at two separate wavelengths. The emission atlhe shorter wavelength is associated with 
the acidk: form of the indicator. The emission at the longer wavelength is associated with the basic form of the indicator 

so As the concentration of carbon dioxide in the blood increases, the pH of the aqueous compartment drops and the 
intensity of the short wavelength emission increases while the intensity of the long wavelength emission drops. Typically, 
the short wavelength emission is measured at 580 nm and the longer wavelength emission is measured at 630 nm. 
Both the emissions at 580 nanometers and 630 nanometers are dependent on the concentration of cartxjn dioxide in 
the blood. The fluorescent emitted signals are transmitted Uom matrix 220 through optical fiber 21 2 to light receiving 

ss apparatus 216. Processor 217 uses Infomiation received by light receiving apparatus 216 on the shorter emitted signal 
to determine a value of the carbon dic»cide concentration in the blood. Receipt and analysis of the fluorescent light by 
light receiving apparatus 216 and processor 217 may be carried out in a manner similar to that described in U.S. PaL 
Nos. RE 31 ,897 and 4,557.900. Processor 217 uses information received by fight receiving apparatus 216 of the flu- 
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orescent signal emitted at 580 nanometers to develop a ratio of the emitted fluorescent signal at 580 nanometers to 
the fluorescent signal at 630 nanometers. Using this ratio together wth the alwve-noted carbon dioxide concentration, 
processor 21 7 can detennine a corrected concentration of cart)on dioxide In the blood to be analyzed. This corrected 
carbon dioxide concentration is found to be accurate even if the optical fiber 212 is bent at one or more points along 

5 its length and/or if other light transmission difficulties are encountered. 

[0108] The above-noted procedure may occur periodicaHy or even substantially continuously to give substantially 
continuous carbon dioxide concentration results. Of course, the detection of the emission at 580 nanometers can take 
place before detection ot the emission at 630 nanometers. Also, by proper selection of the optical indicators, e.g., 
fluorescent dyes, the concentration of other components of interest can be determined. In addition, media other than 

10 blood can be analyzed. 

[0109] The optical fiber 212 may be in the form of a probe or a catheter insertable Into a blood vessel of a patient to 
provide continuous on-line in vivo monitoring of oxygen concentration in the blood. Alternately, the present sensor can 
be embodied in a flow-through housing as shown, for example, in U.S. Pat. Nos. 4,557,900, 4,640.820, and 4,786.474, 
to provide extra corporeal monitoring of carbon dioxide concentration in the blood. 

IS [01101 An alternate embodiment, which is described with reference to FIG. 2d, involves a sensor apparatus making 
use of intensity modulated (sine wave) signals in the MHz range. In this embodiment, sensor 31 0 is adapted to determine 
the concentration or partial pressure of cartxm dioxide in blood. An optical fiber 312 is connected to an appropriate 
light transmitting apparatus 314, which is capable of transmitting intensity modulated (sine wave) light in the MHz 
range. The light transmitting apparatus 314 generates the modulated excitation light at this frequency. The optical fiber 

20 312 is also connected to a light receiving apparatus 316. whfch. in tum. is connected to a conventtonal elecUonic 
processor 317. The light transmitting apparatus 314 includes a frequency generator (one or more frequencies simul- 
taneously) linked to an electrically controlled light emitting structure, such as a light emitting diode, a frequency doubled 
light emitting diode, or a combination of elements such as a continuous wave laser or incandescent light source coupled 
to an acoustooptic modulator or electrooptic modulator, and the like. The light receiving apparatus 31 6 includes a highly 

2S sensitive light detector having a rapkJ response time. Suitable detectors include photomulliplier tubes such as those 
sold under the trademark R928 by Hamamatsu Photonics K.K., Hamamatsu, Japan, as well as avalanche photodiodes 
and microchannel plates, also available from the same suppRer. Using techniques well known In the art. heterodyne 
detectton can be implemented by modulating the detector sensitivity at a frequency, equal to the fundamental modu- 
latfon frequency. in the MHz regime, plus or minus a heterodyne modulatron frequency F^ in the Hz or kHz region. 

30 The processor 317 may include, for example, an analog to digital converter coupled by a direct memory access devfce 
to a computer, or an anatog phase comparator circuit known to those skilled in the art, and the like. The SLM 48000MHF 
Fourier Transform Spectrofluorometer manufactured by SLM-Aminco in conjunctk>n with a HeNe laser provides fre- 
quency modulated fight generatbn, light receiving apparatus and processor capability to perform the methods outlined 
herein; to measure phase shifts. denrKxJulation factors, or both at either a single modulation frequency or simultaneously 

35 at several modulation frequencies. Commercial software is available to apply a well-known digital fast Fourier transform 
to the data and to interpret phase and derrKxJulatfon data at multiple modulation frequencies in terms of a distribution 
of emission lifetimes and relative contributbns. 

[Oil 1 ] Located on the optical surface 31 8 of the optk:al fiber 31 2 is a matrix 320 which is an carbon dk>xlde permeable 
material, such as a cross-linked addition cured sitoxane polymer whfch is similar to the polymer described previously 

40 and containing a plurality of mfcro^mpartments 321 con^rising an aqueous phase comprising, for example, SNARF- 
6 dye (or any other suitable Iffetime based pH indicator). The highly oxygen permeable matrix 320 adheres to the optical 
surface 318 and slightly down atong the sides 322 of the end of fiber 312. An opaque overcoating 324. comprising Iron 
oxide pigment dispersed in an addition cured polysiioxane. can then be applied over the totality of the matrix 320 and 
down further ak>ng the skJe 322 of the fiber 312. 

45 [0112] In use. sensor 310 functtons as foltows. The tip of optical fiber 312 including matrix 320 and overcoating 324 
is exposed or Immersed in bkxxJ, the carbon dioxide concentratbn of which is to be determined. Light transmitting 
apparatus 31 4 transmits light at 50MHz and 543 nm to the optical fiber 31 2. This excitation light causes the matrix 320 
to fluoresce at 610 nm. an isobestic point for emissbn from the ackJ and hase forms of SNARF-6. The fluorescent 
emission is sine wave modulated. The emission lifetime for the acidic form erf the dye is longer than the emission lifetime 

so of the basic form of the dye. As the concentration of carbon dioxkJe in the blood increases, the pH of the aqueous 
compartment drops and the phase shift increases while the demodulation factor decreases. 
p)113] The fluorescent emitted signal is transmitted from matrix 320 through optical fiber 312 to fight receiving ap- 
paratus 316. Processor 317 uses infomnatbn received by light receiving apparatus 31 6 on the emitted signal to deter- 
mine the extent of the phase shift and/or the demodulation factor of this emitted signal. The extent of this phase shift 

ss and/or this demodulation factor is dependent on the concentration of carbon dkjxide in the bktod. Thus, by detemiining 
the extent of this phase shift and/or this demodulation factor, values of the cartxsn dioxide concentrafion in the bkxxl 
can be obtained. Transmission, receipt and analysis of ttiis modulated signal by light transmitting apparatus 314, light 
receiving apparatus 316 and processor 317 may be canied out using equipment and in a manner similar to that de- 
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scribed in U.S. Pat. No. 4,840,485. . u . • v. . »• ii.. 

[0114] The above-noted procedure may occur periodically or even substantally continuously to give substantially 
continuous carbon dioxide concentration results. Of course, by proper selection of the optical indicators, e.g., fluorro- 
cent dyes, the concentration of other components of interest can be determined. In additioa media other than blocd 

s can be analyzed. ^ . . . < » * 

[0115] The optical fiber 312 may be in the form of a probe or a catheter hsertable into a blood vessel of a patient to 
provide continuous on-line in vivo monitoring. Alternately, the present sensor can be embodied in a flow-thiough hous- 
ingas shown for example. mtheabove-referencedHeltzmann patent, toprovide extracorporeal monitonng. Inaddltion. 
the light transmitting apparatus 31 4 and/or light receiving apparatus 31 6 may be embodied in the fia«Mhrough housing 

10 without an intermediate optical fiber. . . .w 

[01161 Seen in RG 3 is a schematic representation of an alternative C02 sensor of the present invention. In this 
embodiment the gas sensor 30 comprises a 'cassette" or sensor holder 32 having a weU 34. The well 34 is open at 
one end includes a bottom end wall 36 and a side wall 38. A drop of emulsion 10 is placed in the well 34 and cured 
to form an emulsoid 40. An opaque layer 42 can be added as a layer over the exposed positions of the emulsoid 40. 

IS In operation a medium such as blood is brought in contact with the exposed position of the emulsoid 40 (or attemativety 
in contact with the opaque layer 42). An excitation signal is transmitted through an optical fiber 44 which causes an 
emissionsignalfrom the indicator component. AHernatlvely. instead of usingan optical fiber 44 to transmit the excilatw^ 

and emission signals, one might either directly embed an LED and/or photodetector in the cassette or place an LED 
and/or photodetector in contact vnth the cassette (not shown). 
20 [0117] FIGS. 4 and 5 illustrate the use of a sensing element which may be produced as descnbed in U.S. Pat. No. 

5 508 509 

[0118] As shown in FIG. 4, this individual sensing element 50 is placed into well 54 contabiing atransparent. silicone- 
based adhesive 57 Well 54 is open at one end. includes a right circular cylindrical skJe wall 55 and a circular bottom 
end wall 58 The size of well 54 is such that the individual sensing element 50 and silicone*ased adhesive layer 57 

2S completely fill the wen. Individual sensing element 50 is placed in well 54 so that the transparent web layer 64 fa^ 
the bottom end wall 58 of well 54. The opaque layer 62 includes an exposed surface 63 which is raised relative to the 
inner surface 70 of sensor holder 56. The opaque layer 62 substantially shields sensing composition layer 66 from 
direct contact with the medium, e.g., blood, to be monitored. Depending on the specific sensing application involved, 
ttie exposed surface of ttie opaque layer can be recessed relative to, or flush with, the inner surface of the sensor holder 

30 [01191 Referring now to FIG. 5, In use sensor holder 56. made oi a transparent polycarbonate matenal. is placed in 
abutting relation to optical fiber 72. Optical fiber 72 provides excitatfon light of appropriate wavelength from light trans- 
mitting apparatus 74 to excite the sensing component in the sensing composition layer 66 to fluoresce and prowJe a 
signal characteristic of the concentration of carbon dioxide located in ttie medium in contact with ttie opaque film 62. 
This optical fiber 72 also transmits ttie signal which is emitted from the sensing component and passes such signal to 

3S a light receiving apparatus 76. which processes or analyzes this emitted signal, e.g., as described in U.S. Pat. Nos. 
RE31 .879, 4,557,900, 5,462,879 and 5,409,666 to determine ttie concentration of carbon dioxide in ttiis medium. 

Methods for Assessing Emulsion Stability 
40 [01201 \teriousmettiodshavebcenusedforassessingthestabilityofemulsions.asreviewedbyTadrosand\«nce^^ 
(Encyclopedia of Emulsion Technology. Vbl. 1. R Becher. Ed., New Yoric. 1983, pp. 129-^. Preferred mettiods for 
assessing the stability of concentrated emulsions include microscope examination and rheological charactenzatmn of 
the emulsion as a function of time after homogenizatlon. 

[01211 The microscopic structtjre of emulsions was detennined using a Zeiss standard 14 microscope with an lllu- 
45 minator 100 halogen lamp/mercuiy/icenon and fluorescence source. The microscope was equipped witti a Zeiss MC 
63 camera, a calibrated lOx eye piece, and 16x and 40x objectives. Thin smears of emulsion samples were made on 
glass slides and mounted witti a coverslip. Tlie initial size distribution of emulsion droplets was noted and optionally 

recorded photographically. ^. , 

[0122] Emulsion stability over a 48 hour period was quantified by measuring the dynamic viscoelastic properties of 
so the emulsion using a Bohfin VOR controlled strain rtieometer as described by Tadros (CoOoids & Surfaces. Phys^ 
chemical and Engineering Aspects.9y (1 994) pp 50-55). Dynamic measurements as a function of ttme are often used 
to characterize emulsion stability because ttiis mettiod uses low sttains and is ttierefore nondestructive. In this case, 
inittal 24 hour and 48 hour values of ttie elastic or 'storage* modulus (G') and complex viscosity (q*) were measured. 
IngerUral. stable emulsionsarecharacteiizedbyhigh elastic modulus (greaterthan 100 Pa). Stabilityisfuitherreflected 
ss by little or no percentage change m elastic modulus witti time. 

[0123] Prepared samples (3 ml) were carefully loaded into a concentric cylinder geometry witti a cup demrter of 
16 5 mm anda bob diameter of 14 mm which results in a gap of 1 .25 mm. To minimize wall slip effects a serrated bob 
was used m these measuremwits. An 11 g cm or 40 g cm torque bar was used. All emulsions were subjected to an 
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inrtial strain sweep at 0,001 to 0.20 radians (at 20 Hz) to help eliminate prior shear and loading elfects on the emulsion 
microstructure. After the initial strain sweep a recovery time of 300 s was given to allow for equilibration. Then a strain 
sweep from 0.0005 to 0.20 radians (in 30 logarithmically spaced steps) at 20 Hz was performed and the data analyzed. 
The strain sweeps indicate a linear viscoelastic region over which the elastic modulus, G', is constant with strain. At 
s higher strains the elastic nrKxJulus decreases with increasing strain. The elastic modulus values in the plateau (constant) 
region are averaged and reported. 

[0124] A similar protocol is used In determining and averaging the complex viscosity. Using the initial strain sweep 
and a 300 second delay time gives good reproducibility of strain sweep measurements. Reproducibility on the same 
emulsion was shown to be ± 7%. The measurements are performed in a darkened environment due to the fluorescent 
ja dyes Incorporated in the droplets. Solvent evaporation losses were negligible over the 20 minute time period of a 
measurement; therefore a solvent trap was not used In these studies. 

Methods for Assessing Hydrophobiclty of the Colloidal Emulslfier 

»5 [0125] Various methods for determining the wetting characteristics of finely divided solids have been reviewed by 
Kaya and Kolshi (KONA, No. 6, pp. 86-97. 1 988). TTie preferred method for characterizing the wettability of hydropho- 
bized silica surfaces is infrared spectroscopy, as taught by Flinn et al. (Flinn, D. H., Guzonas, D. A. aral R.H- Yoon, 
Coflokis & Surfaces A Physicochemical & Engineering Aspects, 87, pp. 163-167, 1 994). 

[0126] Infrared spectra of particle emulslfiers were obtained by diffuse reflectance infrared Fourier transform spec- 
20 troscopy (DRIFTS) using a Specac DRIFTS accessory in a Nicolet Magna 750 FT-IR spectrometer. The amount of 
sample relative to the amount of ground KBr in the sample cell was adjusted to obtain an absorl>ance of approximately 
1 forthe silica samples and approximately 1 .5 for the polyethylene powders. The intemal reference for the silica samples 
was calculated by taking the peak area of the CH3 stretch at 2964 cm ^ and dividing It by the peak area of an SIO band 
at 800 cm-^ and then multiplying by 100. We define this as the relative hydrophobrcity index. 

25 

Autoclaving 

[0127] Sensors were autoclaved in loosely capped Pyrex jars containing cart)onate buffer (10.3 mM Na2CX)3 buffer 
and 144 mM NaCl) using a liquid cycle at 121 "C for 1 hour. The temperature was verified using an Omega 871 Digital 
30 Thermometer with a Type K thenrocouple (NiCr-NiAl) submerged in a Pyrex jar containing an equal volume of distilled 
water. These tests simulated sterilizatfon conditbns for a sensor product. A 3M "ATTEST" Steam Pack 1 276 containing 
ATTEST 1262 Bacillus Stearothermophilis blofogical Indfcator may be used to validate the effectiveness of the sterili- 
zation cycle. 

35 Sensor performance testing 

[01 28] The robustness of sensors was evaluated by measuring sensor intensity and response to CO^. Sensors were 
excited at approximately 465 nm and the emission at 520 nm was measured using a xenon lamp in conjunctkxi wrth 
an appropriate filter. Calibration sk>pes were detemiined by measuring the average intensities at 37 "^C in buffer solu- 
40 tions tonometered with 2.8 % and 8.4 % CX>2' Measurements on individual sensors were reported as the average ot 
25 data points. Intensities were also measured at room temperature In air-sparged carbonate buffer (1^^) and after 
exposure to 0.5 % w/v ammonia solution in deionized water (l^ax)* ^^^^ measurement of total dye concentration 
in the sensor permitting sensor intensities to be normalized. 

[0129] The following examples are offered to akJ in the understanding of the present invention and are not to be 
4S construed as limrting the scope thereof Unless othenwise indicated, all parts and percentages are by weight except 
that CO2 gas compositk>ns are expressed by volume percent or in terms off partial pressure In mm Hg. 

EXAMPLES ' 

so Preparatory Example 1 

Preparation of Stock Solutions 

[0130] \femous sensor emulskxis were prepared by dispersing a water soluble aqueous phase (Stock A) and a hy- 
ss drophobic emulsrfier into a silicone continuous phase (Stock B). 

[0131] To form an emulsion, 30 parts Stock A was mixed with 67 parts Stock B and 3 parts of a water insoluble 
emulsificalion enhancement agent The water in oil emulsion was formed by homogenizing for 20 minutes at 25,000 
rpm on a Verlishear Cyclone/Tempest IQ homogenizer (available from the Vertis Company) with macro blade assembly 
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with cooling in an ice water bath. Care was taken to keep the emulsbn out of the light. 

[0132] Stock A was prepared by dissolving a water soluble emulsifier and optional humectants into a solution con- 
taining a fluorescent dye and optional buffers and osmolytes. The mixture was then placed into a foil wrapped jar and 
shaken on a mechanical shaker overnight 

5 [0133] In the working examples. Stock A was composed of 2.7 mM HPTS (B-hydroxy-l .3,6-pyrene trisulfonic acid, 
trisodium salt - available from Eastman Kodak); 8.1 mM NagCOg; and 144 mM NaCI. In a preferred embodiment. Stock 
A also contained 5 % Starpol 530 (hydroxypropyl-substituted polysaccharide - available from A.E. Staley Manufacturing 
Company, Myv ~ 500,000 to 600,000, M„ "-80.000 to 90,000) and 5% PluronicFI 08 (polyethylene oxide -polypropylene 
oxide - polyethylene oxide block copolymer - available from BASF) added as the humectant and water soluble emul- 

10 sification enhancement agent, respectively. 

[01 34] Stock B was composed of Dow Coming (designated as "DC) 7690 silicone with 5 % DC 7678 crosslinket In 
a prefered embodiment, the water insoluble emulsification enhancement agent was CAB-OSILTS-530 fumed sirica. 
available from Cabot Corp., Billerica. MA (3 % based on the weight of the entire sensor composition). 
[0135] Three different mixing methods are exemplified. In mixing method #1 , silica was added to Stock A and Stock 

IS B and homogenized together using a Vertishear Cyclone Tempest IQ for 20 minutes at 25»000 rpm. In mixing method 
#2. the hydrophobfc emulsifier was first added to Stock B and dispersed at 5000 rpm for 5 minutes on the M^rtishear 
in an ice water bath prior to adding to Stock A and homogenizing for 20 minutes at 25,000 rpm. In still other examples 
where either no silica was used or where the silica was already incorporated into the commercial silicone, no additional 
filler was added before Stock A and B were homogenized at 25.000 rpm for 20 minutes (mixing method #3). In the 

20 case of Example 8, Runs 3-5. the emulsion was sonicated in an ultrasonic bath during homogenizatioa 

[01 36] In order to form the cured sensors, a UV activated catalyst (cyclopentadienyl trimethyl platinum) was added 
in toluene and mixed by hand to give a final concentration of 0.02 % in the final emulsion. Sensor emulsions were 
degassed at room temperature in a vacuum chamber, and then precision coated onto a polycart>onate web having a 
thickness of 0.018 cm (available from Miles, Inc.) primed with an adhesion enhancement component derived from a 

2S mixture containing water, 1.25 % coltoidal silba particles, 0.11 % aminopropyltriethoxysilane, 0.5 % ammonium hy- 
droxide and 0.03 % of a surfactant sold by Rohm and Haas under the trademark Triton X-1 00. Emulsions were precision 
coated using a notch bar coater or a coating apparatus sold by Hirano under the trademark M-200. Emulsions were 
cured under UV light for 2 minutes followed by optk>nal heat curing at 70 °C for 3 minutes. Coating thickness was 
measured with a gage (Federal) to 0.0003 cm. 

so [0137] An opaque film precursor (Stock C) was overcoated onto the cured silicone sensor. Stock C was composed 
of a dispersion of carbon black (Regal 99R - available from Cabot) in a poIy(dimethyl)siloxane matrix (PLY-7501 - 
available from NuSil Silicone Technology) having platinum catalyst (Cat-50 - available from NuSil Silrcone Technology), 
and polymerization inhibitor (XL 119 - available from NuSil Silicone Technotogy). Stock C was precision coated as 
described above and cured at 70 °C for 2 minutes. 

35 [01 38] Alternatively, sensors were handcast directly onto an injection molded polycarbonate cassette at a thickness 
of 0.008 cm and UV cured. Sensors cassettes were hydrated In buffer containing 10.3 mM NagCOs. and 144 mM NaCI 
buffer for 1 day at room temperature before testing. 

Example 1 

40 

Presently Preferred Sensor Emulsion 

[01 39] This example illustrates the improvement of the invention relative to the state of the art with respect to lot-to- 
lot consistency and emulsion stability. As shown in Table la, 9 g of Stock A (comprised of 5% Staley Starpol 530 and 
45 5% BASF Pluronic FlOa in a 2.7 mM HPTS, 8.1 mM NagCOg. and 144 mM NaCI solution) was added to 22 g Stock B 
(comprised of silk^ones DC 7690 and DC 7678) and 0.9 g (3 %) water insoluble emulsification enhancement agent (in 
this example labeled 'Filler") and mixed by method #1 , as described above. 
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15 [0140] The stability of uncured sensors emulsions is summarized in Table 1 b, as determined by visual observations 
of inftal droplet size homogeneity and dynamic rtieological measurements over the course of 48 hours. 
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u 


. EiDulsicHiis 
viscous, not 
pourable 


1-2 
monodisperse 


557 


493 


-11-5 


lb 


Enmlsioa is 
viscous, not 
pourable 


2-4 
monodisperse 


463 


448 


-3.2 


Ic 


EmuIsicHi is 
viscous, not 
pourable 


2-4 
monodisperse 


371 


333 


-10.2 
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[0141] Referring to Table 1 b, the uncured sensor emulsions showed uniformly small and monodisperse droplet sizes 
in the range of 1 to 4 microns. For all 3 replicates, the initial dynamic modulus was greater than 100 Pa, as would be 
expected by the visual appearance of the emulsions, which appeared viscous and not pourable. The modulus changed 
40 much less than 25 % over 48 hours, indicating good aggregation stability for these emulsions. No visual change in 
droplet size was observed after 2 days. In addition, the viscosity of Run 1 was optimal for precision coating. 
[0142] The sensor emulsion was precision coated and UV cured, according to the methods previously described. 
The performanceof coated and cured sensors are recorded in Table Ic for pre- and post-autoclaved sensors. 

45 









































slope (mm'?) :i 


:slo06 (nua ) 


1 


24,957 


.97 


21.358 


.92 


0.018 


0.017 



55 [0143] The intensities of the sensors ffi air-sparged buffer were greater than 20.000 counts, as would expected 
from a measurement of the maximum dye intensity (1^) for a robust, stable sensor. Furthermore, the \^ intensities 
were reproducible and stable to autocbve Oai/'roax > O-^)- with no acidification of the sensor occun-ing. Calibration 
slopes also were stable to autoclaving. The stabifrty of the sensor intensities and calibration slopes pre-and post- 
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autoclave is advantageous because consistent, reproducible and sterilization-Insensitive calibration response is a re- 
quirement for transparently calibrated sensors. 

Example 2 

5 

[0144] Nferious sensor formulations using emulsification methods known in the art were prepared and compared to 
sensor forniulations of the present invention. The fomiulations and performance characteristics are summarized in 
Tables 2a, 2b, and 2c. 

[0145] Run 1 illustrates that the presence of a humectant does not appear to be essential in promoting the stability 
10 ot the gas sensing emulsion. Example 2, Run 1 was prepared identically to Example 1. Run 1 except without the 
humectant (Starpol 530) in Stock A. The emulsion shows a drop in G' of only 20% after 48 hours, indicating comparable 
stability relative to Example 1. Run 1 (with the humectant). 

[0146] Comparative Run 2 con-esponds to a gas sensor emulsion prepared without added emulslfiers, as would be 
exemplified by AVL patent EP 0 1 05 870. The method used to prepare Comparative Run 2 differed from EP 0 1 05 870 

IS in that DC7690^678 silicones were used rather than the Wacker Chemie silicones SLM40060/40061 listed in the AVL 
patent since the Wicker sificones are not presently commercially available. Homogenizatfon conditions also differed. 
The emulsion was homogenized at 25,000 rpm for 5 minutes instead of the 30 seconds with a "high speed mixer" (at 
unspecified speed) listed in the AVL patent. The Stock A was fomnulated according to the AVL patent. The perfonnance 
of the sensor emulsion is recorded in Table 2b. The emulsion was significantly less stable than the emulsion of Example 

20 1, Run 1. Unlike the Example 1, Run 1 emulsion. Comparative Run 2 was of very low viscosity and pourable, as 
evidence by the low value for G* (G* < < 100 Pa). The emulsion droplet size of Comparative Run 2 was polydisperse 
at 2 - 8 microns. The emulsion of Comparative Run 2 was handcast into sensors, as shown in Table 2c. Compared to 
Example 1 , Run 1 , Comparative Run 2 showed significantly lower intensities with a small lai/Lax ^'^^ exhibited 
greater variability in post-autoclave intensity. 

25 [01 47] Comparative Run 3 illustrates emulsbn periomnance using a convent bnal low HLB surfactant as an emulsifier. 
Such emulsifiers may sometimes be predicted to yield stable water in oil systems. Pluronic LI 21 (HLB 0.5) was mixed 
Into silicone Stock B at 5000 rpm for 5 minutes, prior to homogenizatbn with Stock A at 25,000 rpm for 20 minutes 
using mixing method #3. Uke Comparative Run 2, the emulsion showed very tow viscosity and was visibly mnny. The 
droplet size was polydisperse at 2 - 20 >im. The dispersed aqueous phase rapidly coalesced, making rheological meas- 

30 urements impossible. Stability was significantly poorer than the emulsion of Example 1 . Run 1 or Example 2, Run 1 . 
[0148] In Comparative Run 4, an emulsion was prepared with a hydrophobic, colloktel emulsifier (CABO-SIL TS- 
530 fumed silica), but with no water soluble emulsification enhancement agent. Hydrophobic particles may sometimes 
act to stabilize water in oil emulsions. However, as shown in Table 2b. the resulting emulsion exhibited low viscosity 
and was polydisperee (2-30 mk:rDn droplet size). Coalescence was visible, resulting in rapid phase separation. Rhe- 

3S ology measurements could not be made due to the poor stability of this emulsion. Because of poor emulsfon stability, 
neither Comparative Runs 3 or 4 could be coated and cured to fonm emulston sensors. 

[0149] Comparative Run 5 illustrates yet another method of preparing an emulskxi sensor compositk>n using a high 
molecular weight, water soluble emulsifier added to the aqueous phase, as exemplified in U.S. Pat. No. 5.21 9.527 and 
European Patent Applicatkxi 0 597 566 A1 (Puritan-Bennett Corporation). The emulsion was prepared by adding poly 

40 (vinylpyriolidone) (PVR 40,000 Da) to the aqueous phase Stock A (containing 10 mM HPTS and 100 mM NaHCOg) 
and emulsifying with Stock B (containing Petrarch PS784 base silicone) at 25.000 rpm for 20 minutes. A portion of 
10% PS123 crosslinker was added and mixed by hand. As shown in Table 2b, the emulsion was not viscous and the 
droplet size was still polydisperse (2 - 24 fim). The initial elastic modulus was 1 3.6 Pa. as would be expected for a tow 
viscosity, pourable emubfon. The modulus showed a 28.7% drop after 48 hours, reflecting coalescence of the aqueous 

45 droplets, and gross phase separation was seen on standing. Upon predston coating, water droplets were obsewed to 
separate from the margins of the coalfrig prior to curing. Handcast sensors were tested, as shown in Table 2d. The 
intensities were lower and more variable than in Example 1. Run 1. Intensities were reasonably stable to autoclave, 
however some intensity loss occurred. 

[0150] Comparative Run 6 illustrates a sensor emulsion made with a high molecular weight amphiphilic emulsifier 
so (dextran; 500,000 Da) and a sificone (DC 7690) filled vnth hydrophobic colloidal particles, prepared as described in U. 
S. F^L Nos. 4,867.91 9 and 5.409.666. In contrast to eariier Comparative Runs 2 to 5. the emulston is viscous, with an 
initial elastic modulus greater than 100 Pa and a monod'eperse droplet size (2- 4 \im). Although the initial sensor 
intensities were comparable to those obtained in Example 1. Run 1. the intensity dropped precipitously by more than 
70% post autoclave, to give l^^g^ approximately 0.27, indicating poor steriRzatton stability cf the gas sensing com- 
55 position. 

[0151] Comparative Run 7 illustrates the critical role of hydrophobe coltokJal emulsrRer, working in conjunction with 
the amphipathic, water soluble emulsification enhancement agent, on the stability of the sensor emulsion. Comparative 
Run 7 was prepared bi an identical method to Example 1 , Run 1 except that no hydrophobic colloidal silica was added 
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prior to homogenization. Contraiy to Example 1 . Run 1 . which produced a stable water in oil emulsion of uniform droplet 
size. Comparative Run 7 yielded an unstable oil in water emulsion, having 20 - 40 micron oil droplets in a fluorescent 
aqueous continuous phase. The inversion of the water-ffi-oil emulsion tolorm an oil-in-water emulsion was also re- 
flected by the extremely high values of the elastic modulus. Because the emulsion inverted, rt had no utility as a gas 
5 sensor and no sensor was prepared. 
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1 


none 


S% Plttionic 
F108 


DC7690/7678 


3% TS-530 


1 




C2 


Qoae 


none 


DC7690/7678 


none 


3 


20 


C3 


5% StBfpol530 


5% Pluronic 
L121 


DC7690/7678 


none 


3 




C4 


5% StBipol530 


none 


DC7690/7678 


3% TS-530 


1 


25 


C5* 


none 


10% PVP 
f40.000) 


PS784yPS123 


none 


3 


C6 


none 


33% Dextran 
(500,000) 


DC7690A7678 


none 


3 




C7 


5% StaipolSBO 


5% Pluronic 
F108 


DC7690/7678 


none 


1 



^ * Homogenization time was 5 minutes at 25,000 rpm using the Vertishear. 
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1 


Emulsioii was well mixed, 
viscous and not pourable. 


2 * 12 microns 
Polydispersed 


743 


594 


-20.1 




C2 


Ennilaon was well mixed, 
but low viscosity (pourable) 


2*4 microns with 
occasional 6-8 
micron droplets 


2.3 


2.5' 


8.7 




C3 


Emulsion was well mixed. 


Polydi^>ersedat2-20 


failed^ 


failed 


Mled 


IS 




but low viscosity and nmny 


miaous with 
coalescence 








20 


C4 


Water droplets seen on side 
of jar and water phase 
visibly separates when jar is 
inverted. 


Polydisperse at 2 - 30 
microns and 
coalescence seen. 


failed 


failed 


failed 




C5 


Emulsion is not viscous (is 
pourable) and water 
separates at margins of 
coating. 


Polydispersed at 2 - 24 
micrcms with many at 
16 microns. 


13.6 


12.3 


-28.7 


2S 


C6 


Emulsion was viscous (not 
pourable). 


2-4 microns 
monodispersed 


104.6 


32.6 


-68.8 




C7 


Emulsion was well mixed. 


Difficult to see 


829 


1,650 


+99.0% 


30 




viscous and not pourable. 


individual fluorescent 
droplets. Large dark 
oil droplets of 20 -40 
microns seen. 
Inversion. 









' G' values were taken at 24 hours rather dum 48 hours for this sample. The low G* values show 



35 that this sample is primarily viscous in nature. 

^ "Failed" denotes emulsion was too unstable to permit rfaeological characterization. 





- ^ ^ ^ . " , Senw 0ferformAnC6' 


Ruft# 


" Pro- au 


todays 


Post an! 


U>clave : • 


C2* 


2506. 


.27 


U 
1384 


.25 


C5 


12581 


.98 


8985 


,97 


C6 


23684 


.90 


6877 


.27* 



' Comparative ^cample 2 was formulated widiout buffer as descnl^ in the AVL patent. 
^ These dau are for a dexiran emulsion prepared with PE 1055 silicones (as described in U.S. Pat. 
^ No. 4,867,919). 

[0152] The preceding examples illustrate the improvements in stability and sensor performance obtained when a 
hydrophilic amphipathic emulsifier is used in conjunctfon with hydrophobic colloidal emulslfier In a water in oil emulsion 
ss based blood gas sensor. These improvements include shelf life stability of the emulsion for precision coating, autoclave 
stabiRty, dry web stability, rapid rehydration, and transparent calibration through coating uniformity and intensity stability 
[01 53] While not wishing to be bound by any particular explanation of mecfianism. we believe tfiat the these improve- 
ments result from the synergists interaction of the two emulsifiers at the water-oil interface. As will be shown in the 
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folbwing examples, this synergistic effect is not limited to one particular chemical class of materials. Other amphipathic 
water soluble emulsification enhancement agents used with other hydrophobic colloidal emulsitiers known to those 
skilled In the art could be used in conjunction with a variety of suitable hydrophobic continuous phases to achieve 
similar performance improvements. 

Example 3 



Effect of Silicone Type on Sensor Emulsion Stability 

10 [0154] This example illustrates that a wide range of hydrophobic continuous phases can be used in conjunction with 
this novel emuls'tfication system. 

[01 sq Run 1 is the same formulatbn illustrated in Example 1 . Run 1 and uses Dow Coming 7690 base silicone and 
DC 7678 crosslinker. These emulsions both show good stability as judged by the monodisperse droplet size and small 
change in G' over 2 days. 

IS [0156] Similar results were obtained for a system using Nusil PLY7500 silicone as Stock B (Run 2). The emulsion 
shows a monodisperse droplet size of 2 - 4 microns and an initial G* of 518 Pa, which changes by only -18% after 48 

hours. 

[0157] Run 3 was prepared as descnTjed \n Run 2, but with hexamethyldlsilazane (HMD2) treated siPica and mixing 
method #3. The emulsk»i had an initial of 159 Pa, which changes by only -3% after 48 hours. 
20 [01 58] Run 4 was prepared using Huls PE1 055 silicone containing in situ treated hydrophobic fumed silica as Stock 
B. As shown in Table 3b, the emulsion shows monodisperse droplets (2 - 4 mfcrons), an initial G' of 16,800 Pa, and a 
change in G* after 48 hours of only 14 percent. Although this illustrates an emulsfon with excellent stability, it does not 
represent a preferred embodiment, as the high elasticity of this emulsk>n makes it difficult to preciston coat with high 
uniformity. 

2S [01 59] All of the emulsk)ns described in this example exhibited superior stability, and illustrate that a variety of different 
silicone materials may be selected for use as the hydrophobic continuous phase. These silicones represented a range 
of initial continuous phase viscosities of 4,000 to 50,000 cS. 





ComDOridon 0 

StodcA 


f sensor^ 
Stock B 


FiUer 

> 


Mixing 
Method 






- . emolldficatio!! ^ 
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i 


.i . * V 'Wis* <y** J.-'^*'^ -iir. V 

5% Staipol 530 


S% Plurontc F108 


DC7690/7678 


3% TS-530 


1 


2 


5%StaipoI530 


5% PlimmicFlOS 


Nusil PLy7500 


3%TS-530 


1 


3 


5% Staipol 530 


5% Pluronic F108 


Kusil PLY7500 


HMDZ 
silica 
(treated in 
situ) 


3 


4 


5« Staipol 530 


5%IiuroiucF108 


Huls PE1055 


silica 
(treated in 
situ) 


3 



so 
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; (initi^) • 




••'•CSaxiiBjej" 


1 


Emulsion is well mixed, 
viscous and not pourable. 


2-4 monodispersed 


371 


333 


-10.2 


2 


Emulsion is well mixed, 
viscous and not pourable. 


2 - 4 nxmodispersed 


SIS 


423 


-18.3 


3 


Emulsion is well mixed, 
viscous and somewhat 
pourable. 


2-12 polydispersed 


159 


154 


-3.1 


4 


Emulsion is extremely 

viscous and can only be 
sheared for 10 min. 


2-4 monodispersed 


16.800 


19,200 


14.3 
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Example 4 

Effect of Hydrophobicity of Hydrophobic Colloidal Emulsifier on Emulsion Stability 

25 [0160] This example illustrates the importance of the relative hydrophoblcity of the hydrophobic colloidal emulsifier 
on the emulsion stability. Relative hydrophoblcity was determined using the IR method described previously. Table 4a 
lists a variety of colloidal emulsifiers and their relative hydrophoblcity. 

[0161] Runs 1 to 5 illustrate the use of hydrophobically treated fumed silica where the relative hydrophobicrty is 
greater than 2. All of these silicas were prepared by treating the base silica with a hydrophobic molecule that replaces 
30 or covers hydrophilic hydroxyl groups. Uke the emulsion of Example 1 , Run 1 . these emulsions ail exhibit an initial 
greater than 100 Pa and a change of G' after 48 hours of 25% or less. As shown in Table 4c. good pre- and post- 
autoclave intensities were seen for these formulations. 

[0162] Comparative Run 6 illustrates the effect of using a hydrophilic colloidal emulsifier such as CABO-SIL M5 in 
conjunction wth an amphipathic water soluble emulsification enhancement agent (e.g., Pluronic F108). CAB-OSIL 

35 M5 fumed silica was mixed into silicone according to Method # 2 and homogenized with the standard aqueous phase 
Stodc A. As shown in Table 4b, the emulsion showed inversion as evidenced by dark, nonfluorescent oil droplets with 
a diameter of 4 - 1 8 microns in a fluorescent aqueous continuous phase. Sensors prepared from this emulsion showed 
low pre-autoclave intensity, as shown in Table 4c. Hydration of these sensors in cartxviate buffer showed visible leach- 
ing of the fluorescent dye out of the emulsion, as would be expected for an oil in water emulsion in which the dye was 

40 not adequately immobilized in silicone. This resulted in a wide intensity variability, reflected in the unusual lai/^max 
of 6.78 (a mean of 3 replicates). 

[0163] Comparative Runs 7 and 8 Illustrate the use of a hydrophobically treated fumed silica (CAB-O-SIL TS-610 
and Degussa R972, respectively) where the relative hydrophobicity is less than 2. In both cases these sificas were 
prepared by treating the base silica with dimethyldichtorosilane agents, a process that replaces surface hydrophilic 
45 hydroxyl groups with hydrophobic methyl groups thereby rendering the surface more hydrophobic. Both Comparative 
Runs 7 and 8 yieWed water in oil emulsions of very tow viscosity whfch rapidly phase separated, as detected visually 
No rheology or sensor performance measurements could be made due to this rapid phase separation of the dispersed 
aqueous phase. 
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5% Starpol 
530 


5% Pluronic 
F108 


DC7690/7678 


3% Cabosil 
TS-530 


1 


9.67 


2 


5% Starpol 
530 


5% Pluronic 
F108 


DC7690/7678 


3% Degussa 
R812 


I 


5.65 


3 


5% Starpol 
530 


5% Pluronic 
F108 


DC7690/7678 


3% Degussa 
R812S 


1 


6.93 


4 


5% Staipol 
530 


5% Pluronic 
F108 


DC7690/7678 


1.6% Cabosil 
TS-720 


2 


9.58 


5 


5% Staipol 
530 


5% Pluronic 
F108 


DC7690/7678 


3% Degussa 
R202 


1 


11. i 


C6 


5% StaqK>I 
530 


5% Pluronic 
F108 


DC7690/7678 


3% Cabosil 
M5 


*> 




C7 


5% Starpol 

530 


5% Pluronic 
F108 


DC7690/7678 


3% Cabosil 
TS610 


2 


1,70 


C8 


5% Starpol 
530 


5% Pluronic 
F108 


DC7690/7678 


3% Degussa 
R972 


2 


1.72 



30 



3S 



40 



4S 



SO 
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liSiaiMioiii 




















G^KP^ni 








1 


Emulsion is well mixed, 
viscous and not pourable. 


Monodispersed at 1 - 2 
microns 


530 


453 


-14.5 


2 


Emulsion was well mixed, 
viscous and not pourable. 


Monodispersed at 2 - 4 
microns 


922 


748 


-18.9 


3 


Emulsion was wdl mixed, 
viscous and not pourable. 


Fluorescent droplets 
are < 2 microns 


537 


452 


.15.8 


4 


Emulsion is well mixed and 
pcmrable (not numy) 


Poly dispersed at 2 - 14 
microns 


145 


117 


-19.3 


5 


Emulsion is well mixed, 
viscous and not pourable 


Polydi^rsed at 2 ~ 6 
microns 


556 


415 


-25.4 


C6 


Emulsion was well mixed, 
viscous and not pourable. 

Inversion of emulsion 
observed. Storage buffer 
appears cloudy and 
fluorescent. 


Individual droplets 
were not seen. Dark • 
oil droplets of 4- 18 

microns seen under 
fluorescence. 


failed 


failed 


failed 


CI 


Emulsion has very low 
viscosity (pourable, runny) 
and is visibly phase 
sqMuated. 


Phase sqiarated 


failed 


failed 


failed 


C8 


Emulsion has very low 
viscosity (pourable, runny) 
and is visibly i^iase 
separated 


Phase separated 


failed ; 


failed 


failed 



.Ruft# ^ 


> - Table4c ^ 
' - ' Staaot ptskiroua 
Pre* autoclave 


Po$»«utdclave 




:iHi:£iJ!l|^H^H:::::i: 








1 


24,957 


.97 


2U358 


-92 


2 


24,795 


.96 


21.288 


.97 


3 










4 


20.716 


.96 


27,564 


.92 


5 










C6 


1.083 


6.78 






C7 










C8 











[0164| This exarr^le illustrates that the hydrophobic colloidal emulsifier preferably has a relative hydrophobicity (as 
defined by FT-IR) greater than 2. This relative hydrophobicity can be obtained through a variety of surface treatments 
and manufacturing processes, as evidenced by the results from several chemically distinct fumed silicas obtained from 
different suppliers using different manufacturing processes. 
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Comparative Example 5 

Effect of Particle Size of Hydrophobic Colloidal Emulsifier on Sensor Emulsion Stability 

[01651 This example shows the effect of particle size of the hydrophobic emulsifier on the stability of the sensor 
emulsion. The stability of the sensor emulsion was examined using hydrophobic particle emulsifiers where the radius 
of curvature was comparable to or greater than the emulsion droplets. Referring to Table 5a, particles composed of 
hydrophobic polyethylene waxes (Allied Signal. Accumist B series) and a partially oxidized (less hydrophobic) poly- 
ethylene (Allied Signal. Accumist A) with primary particle size of 6 and 12 microns were used in sensor emulsions. In 
Run 4. a hydrophobic clay (NL Chemicals, Inc., Bentone SD-2) with a primary particle size of 20 microns was also 
evaluated. All of these systems immediately yielded visually unstable emulsions, indicating that the particles were 
unable to orient at the water/silicone interface due to their high radius of cun^ature and surface structure. This Is in 
stark contrast to the emulsion of Example 1 . Run 1 , which contains a colloidal hydrophobic fumed silica having a primary 
particle size of approximately 50 nm. 
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CI 


S% Starpol 
530 


. ' agent 
S% PlunHuc 
F108 


DC7690/7678 


3% Acumist 
A6 


6 


1 


02 


5% Starpol 
530 


5% Pluronic 
F108 


DC7690/7678 


3% Acumist 
B6 


6 


2 


C3 


5% Starpol 

530 


5% Pluronic 
F108 


DC7690/7678 


3% Acumist 
B12 


12 


2 


C4 


5% SUrpol 
530 


5% Pluronic 
F108 


DC7690/7678 


3% BeotoDe 
SD-2 


20 


2 
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Run 
# 


Visual obscrvitioas on 
eomliion 


ilEi^ce^f Siealisor BmUlsioi] 
Initial dmplet $ize 
(nucrbiis) 


IS 


Rheplogy 








•f :' ■■•.::>.> •-•:.::>.^.; 


G'(Pd) 
(initial) : 


(4Shrs) 


% 

Change: 


CI 


Emulsion had a very low 

viQCActtv flnd wss nourahle 
It was visibly phase 
separated with a clear oil 
layer on the top of the 
emulsion, and a grainy, 
yellow sediment s^Muates on 
standing. 


Polydisperse droplets 
of 1 - 10 micron were 
aggregated in 
nonfluorescent» clear 
oil. 


failed 


failed 


failed 


C2 


Emulsion was initially well 
mixed and had a low 
viscosity (pourable). It 
visibly phase separated and 
became grainy. 


2-14 micron poly* 
dispersed and 
flocculated droplets 
widi fluorescent, phase 
separated region. 


failed 


failed 


failed 


C3 


Emulsion was viscous and 
not pourable. Cured sensors 
were non-fluorescent. 


Difficult to assign a 
fluorescent droplet 
size; dark oil droplets 
of 10 - 100 micron. 
Inveraon of emulsion. 


failed 


failed 


failed 


C4 


Emulsion was tan in color 
and grainy with clay 
particles sqiarating on 
standing. 


Droplets are 
polydisperse (2-40 
micron) 


failed 


failed 


foiled 



Example 6 

35 Effect of Water Soluble Emulsificatlon Enhancement Agent Structure on Sensor Emulsion Stability 

[0166] This example demonstrates the effect of water soluble emulsificatlon enhancement agent stnJrture on the 
stability of the sensor emulsion for water soluble emulsificatlon enhancement agents with a variety of structures and 
molecular weights. TTiese runs illustrate the prefen-ed characteristics (water solubility and amphipathic nature) and 
40 most preferred characteristics (high molecular weight, i.e.. greater than 2,000 Da) of the water soluble emulsificatlon 
enhancement agent 

[0167] Comparative Run 1 illustrates the use of a nonionic, low molecular weight, amphipathic, low HLB, water in- 
soluble emulsifier (LCI. Span 85) added to stock A and used in conjunction with a hydrophobic coltoidal emulsifier 
(CA&O-SILTS-530) in the silicone phase. As illustrated in Table 6b, this emulsion inverts toa silicone In water emulsion, 
45 yielding oil droplets of 10-20 microns in diameter dispersed in a fluorescent continuous phase. The effect of emulsion 
inversion on sensor performance, as illustrated in Table 6c, is to dramatically tower the sensor intensity post-autodave. 
In addition, the resulting sensor intensities (pre- and postnautoclave) are not reproducible, indicating that the emulsi- 
ficatton method is not sufficiently robust for manufacturing transparently calibrated sensors. 

[0168] Comparative Run 2 illustrates the use of an ionic, water soluble, amphipathic, high HLB emulsifier (LCI. 
so G3300) added to Stock A and used in conjunction with CAB-O-SIL TS-530 and Stock B. Upon mixing, the emulsion 
showed monodisperse droplets in the range 2-4 microns, but exhibited low vfecosity and tow elasticity (G' = 83 Pa), 
leading to aggregation instability as reflected by a drop in G' of 41% after 48 hours. 

[0169] Comparative Run 3 illustrates the use of a nonionic. water insoluble, non-amphipathic emulsifier (Dow Poly- 
glycol P4000, a polypropylene oxide) added to Stock B, used in conjunction with a hydrophobic colloidal emulsifier 
55 (CA&O-SIL TS-530). As shown in Table 6b. the emulsfon grossly phase separated immediately after preparation. 
Comparative Runs 1 and 3 inustrate the effect of water solubility of the water soluble emulsificatfon enhancement agent 
in promoting stability of the gas sensor emulsion, and in yielding btood gas sensing compos'rtions which exhibit good 
intensity stabifity. 
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[0170] Corr^rative Run 4 and Runs 5-8 illustrate the use of nonionic, water soluble, non-amphipathic emulsifiers 
comprised of polyethylene oxide of varying molecular weights. As shown h Comparative Run 4, a low molecular weight 
polyethylene oxide (200 Da) imparts no stability to the emulsion, with phase separation seen immediately after prep- 
aration. Increasing the molecular weight of the water soluble emulsification enhancement agent from 3350 - 300.000 

5 Da (Runs 5 - 8) Imparts some stability to the initial emulsions, but does not appear to impart long term stability to the 
emulsion, as reflected by a decrease in G' after 48 hours of 41 to 56 %. This is in contrast to the emulsion of Example 
1, Run l! which shows less than a 10% change in G* after 48 hours. More preferred water soluble emulsification 
enhancement agents have an amphipathic character and are effective In stabilizing the emulsion. 
[0171] The benefits of amphipathic character of the water soluble emulsification enhancement agent is further lllus- 

10 trated by Run 9, which uses a nonfonic, high molecular weight, water soluble non-amphipathic emulsifier (Dow Poly- 
gylcol P15-200) in Stock A in conjunction with CAB^SIL TS-530 and Stock B. The Dow P1 5-200, while not amphip- 
athic. is a copolymer composed of polyethylene oxide and polypropylene oxide, and is thus chemically similar to the 
Pluronic F108 amphipathic water soluble emulsification enhancement agent used in Example 1 , Run 1 . Run 9 produced 
an emulsion with an initial droplet size which was polydisperse at 2-10 microns. The emulsion of Run 9 showed less 

75 stability than the emulsbn of Ex. 1 . Run 1 . as reflected by a 47% drop in G' after 48 hours. 

[0172] Yet another example which niustrales the importance of the amphipathic character of the water soluble emul- 
sification enhancement agent is provided by Run 10. Run 10 makes use of a nonbnic, high molecular weight, water 
soluble non-amphipathic copolymer (UCON 75H-90000) composed of random btocks of polyethylene oxide and poly- 
propylene oxide. Although the emulsifier has a similar molecular weight and chemical composition to the most pref ened 

20 water soluble emulsificatbn enhancement agent illustrated in Ex. 1 , Run 1 . it is less effective in stabilizing the emulsion, 
yielding an initially polydisperse droplet distribution of 2-8 mfcrons and a 64% drop in G' after 48 hours. 
[0173] Comparative Run 4 and Runs 5 to 10 clearly illustrate the importance of the amphipathic character of the 
water soluble emulsification enhancement agent in enhancing long term emulsion stability While not wishing to be 
bound by any particular theory as to the mechanism, we believe that the amphipathic nature of the emulsifier allows 

2B the water soluble emulsification enhancement agent to orient at the water/oil interface and interact with the hydrophobic 
colloidal emulsifier which is also oriented at that interface, thus leading to enhanced aggregation stability 
[0174] Run 1 1 illustrates the use of a nonionic. low molecular weight, water soluble, amphipathic, high HLB emulsifier 
(I.C.L Tween 20) added to Stock A and used in conjunction with CAB-O-SIL TS-530. Although the emulston initially 
showed monodlsperse droplets in the range of 2-4 microns, the emulsion exhibited a 34% drop in G' after 48 hours. 

30 In addition, sensors fabricated from the emulsion of Run 11 delaminated during autoclaving. While not wishing to be 
bound by any particular theory, we believe that the delaminatfon may have resulted from the migration of this relatively 
mobfle. low molecular weight emulsifier during autoclaving. Although this is a suitable water soluble emulsificatfon 
enhancement agent, it illustrates an additional benefit of using a higher molecular weight emulsification enhancement 
agent 

3$ [01 75] The following runs illustrate the more preferred approach of our invention, namely, the use of an amphipathic. 
hydrophilic water soluble emulsifier in conjunction with a water insoluble, hydrophobic colloidal particle emulsifier. Ihe 
preferred emulsions show improved stability relative to emulsification methods known in the art An additional advan- 
tage of our novel emulsification method is improved sensor intensity stability, particularty after autoclaving. 
[01761 Run 12 illustrates a nonionic. intemnediate molecular weight, water soluble, amphipathic. PEO-PPO block 

40 copolymer emulsifier (Hypemier B261 ). Although the resulting emulsion is initially polydisperse at 3-14 microns, the 
initial G' drops only 25% over 48 hours, indicating acceptable stability. In addition, sensors prepared from this emulsfon 
show good intensity both before and after autoclaving as shown in Table 6c. 

[0177] Run 1 3 shows the use of a nonionic. low molecular weight, water soluble, amphipathic (intermediate HLB) 
emulsifier (Silwet L77). The resulting emulsion exhibited an initial monodlsperse droplet size of 2-4 microns, and stability 
4S as reflected by a drop in G* of only 6% after 48 hours. As shown in Table 6c. sensor intensities were acceptable both 
pre- and post-autoclave. 

[01 78] Run 1 4 is similar to the emulsion of Ex. 1 , Run 1 . This emulsion exhibited an initial monodisperse droplet size 
of 1-2 microns, and stability as reflected by a drop in G* of only fi % after 48 hours. 

[0179] Run 1 5 illustrates a nonionic, high molecular weight, water soluble, amphipathic. BAB block copolymer emul- 
so sifier (PLURONIC-R - 25R8). The resulting emulsion Is initially polydisperse at 2-8 microns, and the Initial G* drops 
only 7 % over 48 tiours, indicating good stability. 
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"Span 85** is a sorbitan trioleate available from ICI Specialty Chemicals. 
^ *'G-3300** is an ionic alkyl aiyl sulfonate available from ICI Specialty Chemicals. 
' **P4000'' is a polypropylene oxide available from Dow Chemical Corp. 

* '*£-200'' is a polypropylene oxide available Irom Dow Chemical Corp. 

^ "Carbowax 3350" is a potyetfiylcDe oxide available from Union Carbide Corp. 
^ "Caibowax 8000* is a polyethylene oxide available from Union Caifoide Corp. 
^ "Carbowax 20M** is a polyethylene oxide available from Union Carbide Corp. 

* "Polyox N750* is a polyethylene oxide available from Union Carbide Corp. 

^ 15-200** is a random copolymer of polypix^ylene oxide and polyethylene oxideavailable from 
Dow Chemical Corp. 

^ "UCON 75-H-9(XX)0'' is a random copolymer of polypropylene oxide and polyethylene oxide 
available from UnicMi Carbide. 

" "Tween 20** is a polyoxyethylene (20) soibitan mcmoUurale available from Id Specialty 
Chemicals. 

*'Hypern«r B261" is an ABA nonionic block copolymer with polyhydroxy fatty acid as the 
hydrophobe and polyethylene glycol as the hydrophile, available from ICI Specialty Chemicals. 

"Siiwet LT?* 15 a polyalkylene oxide modified polydimethylsiloxane (block copolymer) available 
from OSi Specialities. 

"Pluronic FIO8** is a polyethyleneoxide-polypropylene oxide polyethylene oxide block 
cc^lymer . available from BASF. 
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"Piiironic TSRS" is a polypropylene oxide-polyetfayleae oxide polypropylene oxide block 
copolymer , available from BASF. 
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This run was mixed using Mbung Method #2; all other runi were mixed using Mixing Method #1. 
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Example 7 

Effect of ttie HLB of the Water Soluble Emulsificatlon Enhancement Agent on Sensor Emulsion Stability 

[0180] This example iOustrates the wide HLB range of the amphipathic. water soluble emulsification enhancement 
agent which confers stability to the emulsion. The emulsifiers shown in Table 7a are ail nonionic, water solubie, am- 
phipathic ABA blocic copolymers of the type PEO-PPO-PEO. These emulsifiers cover a range of molecular weights 
(1,900 to 4,400 Da) and HLB's (1 - 19). but have been chosen such that the molecular weight of the PEO block is 
approximately constant at 400-500 Da. 

[0181] Comparative Run 1 illustrates the use of a classical low HLB, water Insoluble emulsifier, namely Pluronic 
LI 2 1 . Canparative Run 1 yielded an inverted emulsion of 1 00 micron oil droplets. The emulsion exhibited low viscosity 
and was visibly phase separated. 

[0182] Runs 2 and 3 illustrate the use of higher HLB emulsifiers, namely Pluronic L44 and L35. respectively Runs 
2 and 3, taken in combination with Ex. 1, Run 1. and Example 6, Runs 11-15. illustrate that good emulsion stability is 
obtained over a wide range of HLB, provkJed that the HLB is at least 5. This is an unexpected result based upon the 
conventional rule (Bancroft's rule), which predicts that tow HLB emulsifiers (e.g., HLB 1-4. such as L121) are most 
effective at forming and stabilizing a water in oil emulsion. For a discusston of Bancroft's rule see. Shaw, Introduction 
to Cott(»d& Surface Science, 3rd Ed., Buttenworths, London. 1933, p. 237. 
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' Runs 1-3 were mixed using Mixing Method ^ 
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20 Example 8 

Effect of the Humectant on Sensor Emulsion Stability 

[0183] This example illustrates the wide range of humectants which can be Incorporated into the emulsions in order 

2S to obtain additional desirable sensor performance characteristics. These additional characteristics may include im- 
proved dry web intensity stability, rapid rehydration of the sensor, and response to dry gas (such as COg in the air). In 
the most preferred case, the humectants are added to the stabilized emulsions as described. As is most evident with 
the emulsion containing glycerol, trehalose, xanthan gum or Starpol humectants. the absence of the hydrpphilic am- 
phipathic emulsifier provides grossly phase separated emulsions Immediately after mixing. 

^ [01841 In contrast, as shown in Tables Ba and 8b, humectants with weight average molecular weights of 92 Da to 
1 ,000,000 Da can be incorporated into a stable sensor emulsion when a hydrophillc emulsifier is used in conjunction 
with a water insoluble, coltoidal paiticle (such as silica). This illustrates an additional useful feature of our novel emul- 
sifier system, namely the ability to incorporate a wide range of humectants with varying molecu lar weights and structures 
into the same sensor formulation, thereby permitting the sensor perfomnance to be formulated for specific applications. 

3S This has also been illustrated in Example 2, and further demonstrates that the choice of humectant is important to 
achieving autoclavability of the sensor, as measured by the stability of sensor intensities and slopes. 
[0185] The utility of this approach is further Illustrated In Tables 8c and Bd. As shown in these Tables, the choice of 
humectant is Important to achieving manufacturabHrty of precision coated sensors by stabilizing the sensor intensity 
in a dry coated web. This is important in manufacturing because it extends the shelf life of the web and therefore allows 

40 a longer time for the sensor web to be converted into product. Superior intensity stability was demonstrated with sensor 
emulsions containing xanthan gum (Ex. 8. Run 3) and Starpol (Ex. 8. Run 1 ) humectants. 

[01 861 In addition to autoclavability and dry web stability, appropriate choice of humectants also gives rise to a new 
sensor that responds to CQg from the air (as opposed to tonometered bkxxJ or buffer solutions), as shown in Table 8d 
for Ex. 8 Run 5. The response time is extremely fast, whbh is a further advantage of this system. 
45 [0187] This ability to sense dry gas was not confen^ed by ethylene oxide, polyethylene oxide, or polysaccharide based 
humectants (Including Starpol, xanthan gum, trehalose, or dextran). It is, however, confen^ed by glycerol present at 2 
- 9g% of the dispersed F>hase. A dry gas CC^ sensor has utility as a monitor for breath monitoring, monitoring the 
correct placement of endotracheal tubes, atmospheric industrial monitoring, or for any application for which the sensor 
is not maintained in equilibrium with water. 

so 
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Ex»nple 9 

Preparation of Sensors 

[0188] A sensor emulsion was prepared by dispersing a first phase (Stock A) into a second phase comprising a 
hydrophobic silicone. To form the emulsion, 50 parts Stock A was mixed with 1 00 parts Dow Comvig 7690 vinyl silicone 
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polymer and 3 parts of a water insoluble emulsification enhancement agent (Cabosil TS-720 silica). 
[0189] Stock A was prepared by mixing the following components: 50 parts glycerol; 40 parts polyethylene glycol- 
600; 10 parts of a 1 M NagCOg solution In water (to achieve a 100 mM NagCOa level); 0.21 parts HPTS (to achieve a 
4 mM level); and 0.24 parts glycerophosphoric acid dlsodium salt (to achieve an 8 mM level). The emulsion was formed 

5 by homogenizing for 30 seconds with a Tissue-Tearor mixer operating at maximurri RPM. 

[0190] A 0.5 gram aliquot of the resulting emulsion was removed and 20 microliters of a UV-activated hydrosilatbn 
catalyst was added. One drop (~0.03 gm) of Dow Coming 7678 silyl hydride crosslinker was then added and stirred 
in. The mixture was briefly degassed under vacuum, then cast into the wells of a standard sensing cartridge. The 
assembly was held under a UV sunlamp for three minutes to facilitate curing of the emulsion. 

10 [0191] The sensing cartndge was then placed on a monitoring fbcture and intensity under conditions of exposure to 
ambient room air was then measured as 1 070 counts. The sensor was then placed in a dry 60 "^C oven overnight and 
then held In ambient air for two days, after which the ambient air intensity was measured as 1 066 counts. The sensor 
was again held in ambient air for 7 and for 30 additbnal days. The intensity was 1021 and 1008, respectively The 
sensor thus displayed a stable and effective signal when stored under exposure to ambient air 

IS [01 92] Various rnodifications and alteratbns of this inventbn will be apparent to those skilled In the art without de- 
parting from the scope and spirit of this invention, and it should be understood that this invention is not limited to the 
illustrative embodiments set forth herein. 

[0193] Some embodiments and preferred embodiments of the present invention are summertzed in the following 
items. 

20 

1 . A gas sensing composition, comprising: 

a dispersed first pfiase comprising droplets which are substantially smaller in at least one dimension than the 
thickness of the sensing composition, wherein the first phase contains at least one substantially water soluble 
25 emulsification enhancement agent and at least one water soluble indicator component effective to provide a 

signal in response to the concentration of a gas in a medium to which the sensing composition is exposed; and 
a hydrophobic second phase which is permeable to the anaiyte and impermeable to ionized hydrogen, wherein 
the second phase contains at least one substantially water insoluble emulsification enhancement agent 

30 2. A gas sensing composition according to item 1 , wherein the water soluble emulsification enhancement agent 

comprises a nonionic. amphipathic copolymer containing both hydrophilic and hydrophobic moieties and the water 
insoluble emulsification enhancement agent comprises a plurality of dispersed hydrophobic particles. 

3. A gas sensing composition according to any preceding item, wherein the hydrophilic moiety is polyethylene 
35 oxide and the hydrophobic moiety is polypropylene oxide. 

4. A gas sensing compositbn according to any preceding item, wherein the water soluble emulsification enhance- 
ment agent is selected from the group consisting of an ABA block copolymer and a BAB block copolymer, wherein 
the A block is a polyethylene! oxide molecule and the B bkx:k is polypropylene oxide molecule. 

40 

5. A gas sensing composition according to any preceding item, wherein the water soluble emulsification enhance- 
ment agent has an HLB of at least 5. 

6. A gas sensing compositbn according to any preceding item, wherein the water soluble emulsificatbn enhance- 
rs ment agent comprises a nonionic. amphipathic copolymer having a weight average molecular weight between 500 

and 20,000 and is present in a concentration of between 0.01 and 5 weight % in the sensing composition. 

7. A gas sensing compositk>n according to any preceding Hem, wherein the water insoluble emulsificatbn en- 
hancement agent comprises a plurality of dispersed hydrophobb particles conr^rising surface treated colbidal 

so silica. 

8. A gas sensing composition according to any preceding item, wherein the second phase comprises a cartx>n 
dbxide permeable polymeric material. 

ss 9. A gas sensing composition according to any preceding item, wherein the dispersed first phase further includes 

a buffer selected from the group consisting of bicarixxiate or phosptiatte ion based buffer solutkxi and an osmoreg- 
ulatory agent. 
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10. A gas sensing composition according to any preceding Item, wherein the dispersed first phase has a pH from 
about 5 to 1 4 and further includes a humectant. 

11 . A gas sensing composition according to any preceding item, wherein the humectaht is a water soluble molecule 
with weight average molecular weight below 4 million and is selected from the group consisting of: hydroxypropyl 
starch, hydroxyethyl starch, dextran, polyvinylalcohol, glycerol, polyvinylpyrrolidone, xanthan gum, gum arable, 
methyl cellulose, tragacanth, acacia, agar, pectin, sodium alginate, alginate derivatives, proteins, gelatins, guar 
gum, polyethylene glycol, polyethylene oxide, and hydrogels. 

12. A gas sensing composition according to any preceding item, wherein the humectant is thermally stable at 
temperatures up to 121 •C for 1 hour. 

1 3. A gas sensing composition according to any preceding item, wherein the humectant provides a sensor having 
a shorter equilibration time when the sensor is moved from a dry environment to a humid or aqueous environment 
compared to a sensor that does not contain a humectant 

14. A gas sensing composition according to any preceding item, wherein the humectant is present in an amount 
between 5 and 30 % by weight of the dispersed phase. 

1 5. A gas sensing composition according to any preceding item, wherein the Indicator component is a pH sensitive 
dye. 

16. A gas sensing composition of any preceding item, wherein the indicator component is selected from the group 
consisting of: hydroxypyrene trisulfonic acid, and salts of hydroxypyrene trisulfonic acid. 

1 7. A gas sensing composition according to any preceding item, wherein the volume of the aqueous phase occupies 
10 to 60 % of the sensing compositbn and the hydrophobic particles are present in a concentration of between 
0.1 and 20 weight % in the sensing composition. 

18. A gas sensing compositbn according to any preceding item, wherein the initial elastic modulus of the uncured 
emulsion is greater than 300 Pa and the equilibrium elastic modulus at 48 hours is greater than 300 Pa 
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1 . A dry gas sensing composition, comprising: 

a dispersed first phase comprising droplets which are substantially smaller in at least one dimension than the 
thickness of the sensing composition, wherein the first pfiase contains a humectant and at least one soluble 
40 Indicator component effective to provide a signal in response to the concentration of an analyte In a medium 

to which the sensing composition is exposed; and 

a hydrophobic second phase which is permeable to the analyte and impermeable to ionized hydrogen, wherein 
the sensing corrposition provides an effective signal in response to the gas when the medium is dry. 

45 2. A dry gas sensing composition according to Claim 1 , wherein the first phase comprises at least 20 percent by 
weight humectant. 

3. A dry gas sensing conrposrtion according to Clatms 1 and 2, wherein the first phase further contains at least one 
substantially water soluble emulsification enhancement agent comprising a nonionic, amphlpathic copolymer con- 

so taining both hydrophilic and hydrophobic moieties, and the second phase further contains at least one substantially 

water insoluble emulsification enhancement agent comprising a plurality of dispersed hydrophobic particles. 

4. A dry gas sensing composition, comprising: 

ss a dispersed first phase comprising droplets which are substantially smaller in at least one dimension than the 

thickness of the sensing composition, wherein the first phase contains glycerol and at least one soluble Indi- 
cator component effective to provide a signal in response to the concentration of an analyte in a medium to 
which the sensing composition is exposed; and 
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a hydrophobic second phase which Is penmeable to the analyte and impermeable to ionized hydrogen, wherein 
the sensing composition provides an effective signal in response to the gas when the medium is dry. 

A dry gas sensing composition according to Claim 4, wherein the first phase comprises at least 30 percent by 
weight glycerol. 

A dry gas sensing composition according to Claims 4 and 5 , wherein the first phase further contains at least one 
substantially water soluble emulsification enhancement agent comprising a nonionic, amphipathic copolymer con- 
taining both hydrophilic and hydrophobic moieties, and the second phase further contains at least one substantially 
water insoluble emulsification enhancement agent comprising a plurality of dispersed hydrophobic particles. 

A sensor for measuring the concentration of an analyte in a medium comprising: 

a sensing element comprising a sensing composition according to any preceding claim; 

an excitation assembly positioned and adapted to provide an excitation signal to the sensing element; 

a detector assembly positioned and adapted to detect an emitted signal from the sensing element, the sensing 

element being capable of providing the emitted signal in response to being exposed to the excitatbp signal; and 

a processor assembly positioned and adapted to analyze the emitted signal in determining the concentration 

of the analyte in the medium. 
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Fig. 2b 

117 



40 



EP 1 054 257 A2 




41 



EP1054 257 A2 



^14 



^310 

312 




^316 
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Fig. 5 



